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STUDIES IN EXPERIMENTAL CYTOLOGY 


CHARLES F. HoTres 
(WITH FOUR FIGURES AND ONE PLATE) 


I. Introduction 


Cytologists have been too long content with the descriptive phase of their 
science. Cells of widely different character, and, consequently, in most 
diverse states or phases of physiologic activity, and prepared for study by 
the application of sundry methods, have served them for morphologic study 
and physiologic interpretation. This is responsible, in no small measure, 
(1) for the widely different results occasionally reported by different inves- 
tigators working with supposedly identical material, and, (2) for the con- 
flicting views now held with reference to the nature and the mechanism of 
the spindle, the behavior and function of the nucleoli, ete.—cell structures 
that have been the object of study since the beginning of the science. 

The development of experimental cytology in recent years bids fair to 
lead us along lines of research affecting the intimate relation between the 
function and the structure of the cell organs, and through this relation to 
the discovery of the principles underlying cell activity. It has become quite 
generally recognized that the most noteworthy achievement in the progress 
of cell-study concerns, as one of the pioneers in experimental cytology says, 
‘*die Methode der Forschung. Lange Zeit iiber eine rein deskriptive Wissen- 
schaft, versucht die Zellenlehre in der Neuzeit den exakten Wissenschaften, 
Physik und Chemie, nachzueifern, die Erscheinungen nicht nur zu be- 
schreiben, sondern ursichlich zu begreifen, einerseits auf dem Wege des 
Experiments, anderseits durch die Anwendung exakter Messmethoden”’ 
(13, p. 2). 

In following this newer line of cell-study one should never lose sight of 
the fact that during its period of activity the cell is subjected to a continu- 
ous series of chemical and physical processes induced by internal, and modi- 
1 
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fied by external conditions or states. In the differentiated cell these follow 
a definitely fixed cycle in accordance with its specific functional activity ; in 
the undifferentiated cell they pass through a regular progression of inter- 
correlated steps or phases as it advances to specific functional differentia- 
tion. Concomitant with the more or less fixed physiologic state of the 
differentiated cell, and the successive states of a meristematic cell in its 
progress toward physiologic fixity, may be noted a considerable morphologic 
detail. In the meristematic cell progressing toward specific functional dif- 
ferentiation the structure is constantly changing, and becomes fixed only 
when the cell assumes the permanent function demanded of it as a unit of 
the organism. This unit, in a given physiologic phase and under conditions 
such as usually prevail, possesses a specific structure and function which we 
eall normal. The normal, in so far as it interests the cytologist, is 
the expression in cell structure of the harmonic interaction of the several 
cell organs. This interaction in the differentiated cell differs from that in 
the differentiating cell, and the ecytologist is confronted by intergrad- 
ing structures that are difficult or impossible correctly to interpret from a 
study of cells in a single physiologic phase. 

The structure and function of an egg-cell is not that of a ganglion-cell, 
and the cell from the formative region of the root differs from one in the 
region of elongation. The degree and manner of reaction of these cells to 
chemical and physical agents, in so far as it can be followed in discernible 
structure and manifest function, is determined by the physiologic state or 
phase of the cell at the time of stimulation or subjection. But those condi- 
tions, chemical and physical, internal and external, which enable the cell, 
in consequence of the harmonic interaction of its organs, to perform its 
normal functions, that is, maintain the optimum of cell activity, are by no 
means identical with the conditions at which the several cell-organs in turn 
find their optima. The comparatively wide difference in the position of the 
cardinal points of activity—minimum, optimum, maximum—of the several 
cell-organs may be readily demonstrated by appropriate experiments. In 
the data later submitted and in the discussion that follows, it is apparent 
that the eytologist may, by carefully directed and controlled experiments, 
so affect the different cell-organs as (1) to excite or accelerate the activity 
of one while depressing or retarding that of another; (2) to modify com- 
pletely the normal structure and function of one or several; and (3) to 
suppress the activity and destroy the structure of one or several. This fur- 
nishes an admirable opportunity to study the interrelations and interde- 
pendence of the several cell-organs, and must prove helpful in our endeavor 
to solve the intricacies of cell-processes, and of understanding cellular 
derangements (pathologic) resulting from lack of proper coordination. 
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Plant physiologists have long recognized that the manner of response of 
meristematic cells to stimuli is influenced or determined by the physiologic 
state or phase of the cell at the time of stimulation. Sacns (38, p. 220) 
was the first clearly to recognize this important fact, and expressed it as 
follows: ‘‘Das Organ ist heute nicht mehr dasselbe Ding wie gestern und 
wird morgen wieder ein Ding mit anderen Eigenschaften sein, selbst wenn 
man dies an der dusseren Form und der mikroskopischen Struktur nicht 
wahrnimmt. Wird nun das sich entwickelende, wachsende Organ von 
dusseren Einwirkungen betroffen, welche die Art seines Wachstums veriand- 
ern, so muss diese Reaction verschieden ausfallen, je nach dem die gleiche 
aussere Einwirkung das wachsende Organ gestern, heute, oder morgen 
trifft.’’ 

Recent studies in experimental cytology and those here reported, most 
clearly demonstrate that the above statement applies equally well to the cell 
organs, and that in the future, greater consideration will be given to the 
physiologic state of the cell—tissue or egg—at the time of its fixation, or of 
its subjection to the action of external agents. Most of the work in experi- 
mental cytology has been done on eells in vastly different physiologic states, 
and the effect upon them of now one and now another stimulus of limited 
range of intensity and duration of action noted. This procedure gives us 
a mass of isolated detail, interesting and valuable in itself, but difficult or 
impossible to correlate. What we most need are studies that will enable us 
to coordinate the mass of unharmonized material we now have. Progress 
along this line of cytologic study is necessarily difficult and slow. For the 
present, we may profitably apply ourselves chiefly to an accurate and syste- 
matie experimental study of the behavior, toward physical and chemical 
agents, of the several cell-organs in cells of different physiologic states. 


II. Materials and methods 


The root-tip of Vicia faba was chosen because of its easy culture, its 
vigor, the readiness with which it responds to stimuli, and the large size of 
its cells and nuclei. Furthermore, it has been extensively used in cytologic 
study, and the recent investigations by LunpEGARDH (24, 25, 27) on living 
material, give opportunity to appraise the respective values of results 
obtained by widely different methods of preparation for study. In a num- 
ber of instances, the root-tips of Zea mays, Phaseolus multiflorus, and 
Cucurbita pepo were used for comparison. In the discussion that follows, 
all references, unless otherwise stated, pertain to the cells of the root-tips 
of Vicia faba. 

GERMINATION 


The seeds of Vicia faba, with the seed-coats previously broken to insure 
a more uniform swelling, were placed in tap water at 18 to 20° C. for 24 
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hours, the water being changed once. The swollen seeds were then placed 
in close proximity in a vertical position, with the micropyle lowermost, in 
a flat containing loosely packed, well-leached, moist sawdust. They were 
lightly covered with the same material, over which there was then spread a 
thin layer of dry sawdust to prevent excessive evaporation. A bed so pre- 
pared required no further watering and insured a rapid and normal germi- 
nation. In from 50 to 60 hours at a temperature of 18 to 21° C., when the 
roots were from 3 to 4 em. long, the seedlings were transferred on small- 
meshed paraffined wire netting to a jar of tap water for the purpose of 
accommodating the roots to an aqueous medium. The cotyledons resting on 
the wire netting immediately above the water of the jar, retained all neces- 
sary moisture for active translocation of materials by inverting over them 
a shallow second vessel of the same diameter as the jar. Diseased gelatinous 
tips, such as SacHs encountered when roots of Vicia faba were cultivated 
in well water for several hours, were never met with. For treatment only 
those roots that showed approximately the same rate of growth were used. 
The experiments were usually begun at eleven o’clock in the morning, since 
preliminary examination showed that the mitotic figures were then most 
abundant. At the beginning of each series of experiments, three of the 
root-tips of the seedlings about to be used were fixed as checks for com- 
parison. 

In an experimental study as here attempted the method of procedure is 
of primary importance, and the one outlined below was finally adopted and 
strictly followed. It is the direct outgrowth of unsuccessful attempts at 
correlation of results obtained by treating for a limited time, cells in dif- 
ferent physiologic states, now with one, now with another agent. 


THE PHYSIOLOGIC STATE 


Cells of the same kind and origin but in different physiologic phases, 
were simultaneously subjected to the action of some physical or chemical 
condition or agent. The root-tip of Vicia faba with its clearly defined 
regions of cell multiplication, cell elongation, and cell differentiation, fur- 
nishes these conditions admirably. 


THE INTENSITY OF THE ACTION 


The physical and chemical conditions or agents were applied or supplied 
through a sufficiently wide range of intensity to obtain clear evidence of 
their specific effect on the cell organs, and to determine, when possible, the 
state of excitation or depression produced. By a sufficient extension of the 
intensity of the treatment, it was possible to determine the wide difference 
in reaction, adaptation, and finally, death-point of the several cell-organs; 



























HOTTES—STUDIES IN EXPERIMENTAL CYTOLOGY 


and to observe differences, if any, in the manner or degree of response in 
the same organ in its different physiologic phases. 


THE TIME OR DURATION OF ACTION 


It is a well established fact in general physiology that the time, that is, 
the duration of action of an external agent is a factor of considerable 
importance. To know the effect of the agent applied for a brief period is 
not sufficient. We must learn something of the manner in which a cell-organ 
adjusts or adapts itself under certain prolonged conditions of action, and 
how these adjustments, in turn, affect, through correlation and inter- 
dependence of the organs, cell function and structure. Hence, in the ex- 
periments, the time or duration of action of the stimulus or agent was suffi- 
ciently prolonged (1) to allow a complete adaptation; or (2) to lead to 
complete exhaustion ; or (3) to cause the destruction of a cell-organ. 

.To follow this cumulative effect it is necessary to use a large number 
of seedlings (100 to 200 for each series) and, while the conditions of the 
experiment are accurately maintained, to remove and fix at predetermined 
intervals, the root-tips of a given number. 


RESTITUTION 


Whenever from an experimental series roots were fixed for study, from 
9 to 30 seedlings, similarly treated, were transferred to tap water at 18 to 
20° C. for restitution. The successive stages in the process of restitution 
were followed by fixing three root-tips of the transferred seedlings at inter- 
vals of from 10 minutes to 1 hour. This phase of the experimental work 
has proven most interesting and has been a great help in the elucidation of 
some of the complex changes induced by the previous treatment. 


NECROBIOSIS OR NECROSIS 


When seedlings from a member of an experimental series transferred to 
water for restitution, showed, through death, that the damage done by the 
treatment was irreparable, all roots of that member in the series were ex- 
cluded from further consideration. No attempt was made to follow the 
necrobiotie or necrotic (45, p. 162, 407, 412) changes in the severely injured 
cell, and such phenomena are not here considered. Our literature is by no 
means free from descriptions of such ‘‘submortem’’ (11, p. 160) structures. 


SECTIONS OF LIVING ROOT-TIPS 


Early in the development of our science FLEMMING, BiiTscHui, and 
others, recognized that the appearance of the several cell-structures, but 
more particularly that of the cytoplasm, may be due to the action of the 
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fixative or to the gradual changes occurring in the cell as it passes through 
successive stages from life to death—necrobiosis. 

Later, with the idea of protoplasm as a colloid rapidly developing, the 
interesting and valuable experiments of Harpy (11) and Fiscuer (6) 
firmly established this view, and, by the production, artificially, of strue- 
tures appearing like those generally described by cytologists, placed in 
question much of the detail of cell-morphology and physiology. 

Following Harpy and Fiscuer we find a growing tendency to minimize 
the cumulative results obtained by cytologists using the fixation technique. 
By resorting to ingenious and skilful manipulation of materials bearing no 
direct relation to protoplasm, Lepuc (23, p. 121) and others have produced 
and explained (?) the mitotic process through the phenomena of osmosis, 
diffusion, coagulation, ete. LuNpEGARDH, paying little or no attention to 
these physio-chemical aspects, believes that the real solution of cell-structure 
must rest with the study of the living cell. By following this method only 
ean the cytologist overcome and correct the errors for which his faulty 
technique is largely responsible. 

In entering upon an extensive study of the influence of physiologic 
phase, and of physical and chemical agents on cell-structure, it becomes 
imperative that a technique above reproach should be employed. 

From the criticisms made regarding the shortcomings of the fixation 
method, and the general recognition of the justification of such criticisms 
by eytologists, there seemed but one alternative, namely, the use of the 
direct method of observation in living material, or, at any rate, the use of 
living material as a check or arbiter in the interpretation of structural 
detail. Accordingly a serious and extensive study of living sections from 
both normal and treated root-tips was undertaken. The results from such 
a study were extremely disappointing, but it was thought that perseverance 
and training in the use of the new method would finally overcome the 
difficulties and lead to success. This optimism proved ill-founded, and 
after repeated trials and comparisons, the study from living material was 
abandoned. This, to some, will seem like heresy, and disregards the dictum 
of LunpEeGARDH (24, p. 237) ‘‘Und doch sind wohl keine wahren Fortschritte 
moéglich, ohne dass man auf dem zuverlissigen Grund des direkt beob- 
achteten baut.’’ 

The reasons that prompted the abandonment of the method of direct 
observation will be fully discussed under a separate heading. A few quota- 
tions from LUNDEGARDH’s contributions will give, through admissions, some 
of the more apparent reasons, and will, it is hoped, hold prejudice in 
abeyance. ‘‘Uber die allerfriihesten Stadien lisst sich am lebenden material 
keine bestimmte Auffassung bilden.’’ (24, p. 275.) ‘‘Wenn auch—wie 
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gesagt—am lebenden Material sich eine ziemlich liickenlose Auffassung der 
Morphogenese des Karyotins wahrend der Kernteilung gewinnen lasst, so 
ist doch die erzielte Erkenntnis nicht vollstandig, und tatsichlich lasst 
einen das lebende material im Stich bei einer Anzahl wichtiger Vorgiinge 
und Erscheinungen, wie z. B. der Metakinesis und den Anfangsstadien der 
Lingsspaltung in den Spiremfaden.’’ (24, p. 237.) ‘‘Die Art des Ausein- 
andergehens der Chromosomen, der Teilung der Kernplatte, hat man nicht 
im Leben feststellen kénnen.’’ (24, p. 277.) ‘‘Sogar ganze Kerne kénnen 
infolge der Lichtbrechungsverhaltnisse unsichtbar sein und durch Hinzu- 
fiigen von Mitteln, die die Wasserimbibitionsverhiltnisse oder den Chem- 
isch-physikalischen Zustand der Zelle verindern, sogleich zum Vorschein 
gebracht werden. In den Ruhekernen von Vicia faba, die in der Streck- 
ungszone liegen, sieht man haufig nichts ausser den Nukleolen. Nach Fixier- 
ung erweisen sie sich mit Karyosomen und Geriist versehen, wobei Zahlen- 
verhiltnisse und Analogien mit den tibrigen Kernen entschieden fiir die 
Praformation der ersteren sprechen.’’ (27, p. 252). 


FIXING AND STAINING 


In order that the effects on the cell of the various agents employed 
throughout this series of experiments should be strictly comparable, a 
single fixing agent, Hor’s (14, p. 67) modification of FLEmMrIne’s chromic 
acid mixture, and but one stain, FLemMina’s safranin, gentian-violet, 
orange combination, were used. Of the FLEMMING mixture LUNDEGARDH 
(25, p. 214) says, ‘‘Ich habe in einigen Fallen den Vorgang unter dem 
Mikroskop verfolgen kénnen, und gréssere Umordnungen schienen wirklich 
dabei nicht einzutreten (ich spreche fortwahrend von der FLEMMINGSCHEN 
Fliissigkeit).’’ 

To aid in interpretation, and to check the method used in fixing and 
staining, the following were, in special cases, used : O. von RotH’s, GILSON’s, 
and ZENKER’s fixing agents, and ZIMMERMANN’s fuchsin and iodine. green, 
HEIDENHAIN’s iron haematoxylin, and methylgreen. Frequently sections 
of treated and normal roots, of roots fixed in Hor’s mixture and some one 
of the fixatives above mentioned, were placed together on the same slide 
and stained by one or another method. This was done to determine the 
action of the fixative and stain on normal and treated cells, and, more 
particularly, in the study of nucleoli, ete., to guard against ‘‘Spiegel- 
farbung’’ (6, p. 197). 

The material remained in the Hor fixing agent for 30 hours, and was 
then washed in running water for 5 hours. It was dehydrated in alcohol 
of increasing concentration, cleared in chloroform, and imbedded in paraffin 
of 52° C. melting point. The sections were cut in ribbons, as a rule 5y 
in thickness, and fixed to the slide with Mayer’s albumen fixative. 








8 PLANT PHYSIOLOGY 


III. The cells of the normal root-tip 


The cells of the normal root-tip when subjected to the various external 
agents and conditions later described, frequently show marked changes in 
structure and behavior. That these changes may be more readily recog- 
nized, a brief account of the cells of the normal root-tip is here given. 

ZIMMERMANN (48), Lavpowsky (22), Rosen (36), Hor (14), Horres 
(16), and Garpner (8), described the metabolic, interphasic, and mitotic 
cell phenomena of Vicia faba. Although these earlier studies have been 
extended and amended by the work of Fraser and SNELL (7), of LUNDE- 
GArDH (11, 19, 24, 25, 26, 27, 28), of Suarp (41), of Sakamura (40) and 
others, there still remain a number of points in controversy both as to 
detail of structure and interpretation. I feel confident that the experi- 
mental method used in the parts to follow will contribute evidence useful 
in reaching tenable conclusions regarding some of these mootable cases. 

The manner and degree of structural change and functional reaction 
which the normal cell when subjected to chemical and physical agents 
undergoes, depends upon the physiologic phase of the cell at the time of 
stimulation. Hence a characterization of the cells of the three regions of 
Sacus is of primary importance. The region at the very tip with nearly 
trimetric cells filled with non-vacuolate cytoplasm, and with nuclei com- 
monly in active mitotic division, is the region of cell formation; following 
it, with cells distinctly elongated, cytoplasm characteristically vacuolate, 
and with nuclei less commonly in mitotic division, is the region of elonga- 
tion ; finally with the elongated cells of the region just described, undergoing 
through internal differentiation the specific changes that lead to their 
mature structure and permanent function, is the region of differentiation. 
Since the above division of the cells of the root-tip into three regions is 
based entirely on the physiologic state of the cells, as was the intention of 
Sacus, it is impossible to locate the limits of the respective regions by 
distance from the tip of the root or the number of internodes from the tip 
of the stem. Failure to recognize this has led cytologists and ecologists 
into grave error. The length of the first and second zones is established 
by the influence of the factors of the environment on growth in length. 
Under the most favorable growth conditions the region of differentiation 
may be several centimeters removed from the tip, while under unfavorable 
conditions it is pushed acropetal to within a millimeter. 

The cells of the formative region are filled with a dense, flocculent cyto- 
plasm, near the center of which lies a spherical nucleus somewhat smaller 
than that of the slightly older cells. This interphasic nucleus has a reticu- 
lum of small meshes, somewhat irregular in form and size. Over this 
reticulum smaller and larger particles of chromatin are distributed. The 
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larger particles of irregular form, undoubtedly are identified with the bodies 
that LunpEecArDH describes as karyosomes. They are by no means con- 
stantly present, and as SHarp (41, p. 309) has observed, show no longi- 
tudinal splitting as LUNDEGARDH reported. Occasionally the slightly irregu- 
lar reticulum above referred to, is due to the faintly distinguishable outlines 
of the telophasic chromosomes in the process of transformation, as SHARP 
maintains. The varied appearance of the interphasic nucleus in the 
formative zone as well as in others, LuNpEGARDH (25, p. 228), is merely the 
morphologic expression of the rapid changes it undergoes from one physio- 
logic phase to the next. In the experimental section will be noted the 
intimate and direct relation between these phases and the reaction of the 
cell to chemical and physical stimulation. Contrary to the statement of 
Rosen (36, p. 265), the nucleus has a very distinct nuclear membrane. 
One or two nucleoli of spherical form, and never larger than one-third the 
diameter of the nucleus, lie in the center of a clearly defined hof. This 
hof differs in size, occasionally attaining a diameter equal to one-half that 
of the nucleus. Although very generally present in prepared material, 
it has been called an artifact by most cytologists, due to the refractive 
powers of the spherical nucleolus or to its shrinkage through poor fixation. 
Notwithstanding, the hof is here described as an intrinsic part of the 
structure of the nucleus and the convincing evidence of its reality will be 
presented in the experimental section. Mitotic figures in all phases are 
abundant and will be described later. 

In the region of elongation the cells have sufficiently differentiated to 
enable one clearly to distinguish between the three rudimentary tissue 
systems. The cells of the dermatogen soon lose their meristematic character 
and simply elongate. In the younger regions these cells are still filled 
with a rather dense cytoplasm which becomes vacuolate as you pass to the 
next older. The nucleoli, one or two in number, are always small and 
frequently have a relatively large vacuole. The hof is either very small or 
is absent. The cytoplasm of the enlarging cells of the periblem increases 
very slightly or not at all and becomes vacuolate. A short distance beyond 
the typical formative zone, the greater part of the cell is occupied by a 
single vacuole. The nuclei in the younger portions of this zone reach their 
maximum size and remain nearly spherical until flattened by the pressure 
of the enlarging vacuole. The nucleoli also are larger than in the formative 
zone, though the increase is not in the same ratio as that of the nucleus. A 
hof is present in the cells of the periblem bordering on the formative zone. 
In the slightly older cells it is not uncommon to find threads of the retieu- 
lum to cross the hof to the nucleolus. Later chromatin granules may be 
found deposited on these threads. NimMeEc (32, p. 316) and others have 
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described similar threads crossing the hof. A lobed or toothed nucleolus 
resulting from the intimate contact of the threads with the nucleolus as 
LuNDEGARDH (24, p. 256) describes, was not observed ; nor was a penetration 
of the nucleolus by the threads as stated by GarpNzr (8, p. 174). 

The cytoplasm of the cells of the procambial strands in the transition 
zone of the region of elongation, is flocculent and markedly denser than 
that of the younger cells of the root-tip. The nuclei in the long and narrow 
cells are usually elliptical in form, of large size, and furnished with a very 
dense reticulum over which numerous chromatin bodies, chromocentra, of 
varying size and shape, are distributed. The nucleoli are large, frequently 
elongated or lobed, and have one or more large vacuoles. A well defined 
hof is usually present. Amitoses as described by Lavpowsky (22) are 
absent. 

The metabolic nucleus, virtually absent from the zone of cell formation, 
becomes increasingly prevalent in the older regions of the zone of cell 
elongation and of certain tissues of the zone of cell differentiation. It is 
in these regions, if anywhere, that its typical form should be sought, and 
not in the cells of the root-cap, LuNpEGARDH (25, p. 228). The cells of the 
root-cap very early pass through a series of intermediate stages, necrobiosis, 
from normal functional activity to more restricted activity and death. So, 
too, when he states (p. 228) that typical metabolic nuclei may be found 
throughout the cells of root-tips imbedded for a longer period in plaster 
of Paris, he fails to recognize that they are typical only for the cells of 
roots so treated. In fact, as will be shown later, their structure differs 
vastly from the nuclei found in the normal root-tips. 

The structure of the metabolic nucleus is correlated with the physio- 
logical functions that it performs and the nature of the tissue of which it 
is a part. In a measure, they differ from one another to the degree in 
which their functions differ. Even a cursory examination of a longitudinal 
section of a root-tip will disclose the difference in the metabolic nuclei in 
the different zones, or of epidermis and plerome. The nucleus of the 
epidermal cell with its rather delicate and uniform reticulum, few and 
small chromocentra, small nucleoli and hof, and often eyanophilie reaction, 
stands in marked contrast to that of the cell of the future tracheal vessel 
with its coarse and often irregular reticulum, numerous and large chromo- 
centra, large nucleoli and hof, and erythrophilie reaction. 

The chromocentra have been previously described as pseudonucleoli, 
aecessory nucleoli, chromatin nucleoli, prochromosomes, chromocentra, 
karyosomes, ete. They have been made the object of a more extensive 
study both in the living and fixed cell, by LuNpEGARDH (25) who suggested 
the term karyosome. To the use of this term TiscHLEeR (44, p. 65) finds 
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objection, and uses the term chromocentra proposed by BaccaRIni (2). The 
number and size of the chromocentra is undoubtedly influenced by the 
metabolic state of the cells of Vicia, as was observed by RoseNBEeRG (37) 
and Hutre (17, 18) in the cells of the tentacles of Drosera. The observa- 
tions of RosenBEre and others [TiscHuEr (44) p. 65] that the number of 
chromocentra—prochromosomes—as in Capsella is the same as that of the 
chromosomes, is not true for Vicia. The reticulum of the metabolic nucleus 
in these regions of the root-tip shows no areas of denser nature such as 
Suarp (41, p. 310) described and assumed to represent the chromosomes 
of the previous telophase, but is like that of Fraser and SNELL (7) and of 
LUNDEGARDH (25, 28). 

In the early prophase the reticulum of the interphasie or metabolic 
nucleus gives way to a single slender thread that is much convoluted and 
becomes more and more basophilic as its development proceeds. This 
transformation takes place in the interphasie nucleus of short rest period 
after the manner described by Suarp (41, p. 311). The anastomosing 
branches of the nuclear reticulum are gradually withdrawn while the area 
of the reticulum constituting the telophasic chromosome undergoes con- 
densation. In the less favorable stages of the interphase, and, more 
particularly, in the metabolic nucleus where no areas that might be desig- 
nated as the telophasic chromosomes are observable, the condensation takes 
place into what appears as a continuous thread and shows no distinet ends 
of the chromosomes. [TISCHLER (44), p. 113]. 

The thread formed by one or the other method is not of uniform con- 
sistency or composition. That it varies in consistency is universally recog- 
nized; that it varies in composition is one of the most debated of nuclear 
phenomena [Wiuson (47), SHarp (42), and most difficult of solution. 
Its solution, for obvious reasons, is impossible from studies in vivo, and 
stains and micro-chemical reactions seemingly have increased our difficul- 
ties. Experimental cell-physiology apparently is destined to furnish the 
key. In its earlier and slender stage the thread shows a distinct transverse 
banding as first observed by PritzNEr in 1881 and since described in num- 
bers of cases in the spirem of both plant and animal nuclei. The existence 
of these basichromatic bodies, chromomeres, in regular alternation with 
oxychromatic fields in the thread, is challenged by a number of observers. 
TiscHLER (44, p. 312) once an ardent supporter of the chromomere theory, 
closes his discussion as follows: ‘‘VAN WIssELINGH (1899) sowie Gr&GoIRE 
(1906, 1907) und seine Schule, Martins Mano (1904), Stomps (1910), 
LUNDEGARDH (1912c, 1913a), SHarP (1913, 1920b, 1921, S. 155) zeigten 
aber m. E. unwiderleglich, dass es sich dabei oft um eine Verallgemeinerung 
einzelner Zufalls-Strukturen handle.’’ After such a strong statement it 
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would seem folly to reopen the question. But a critical examination of 
the evidence given by TiscHLER and others, by no means shakes the confi- 
dence in the observations made on the normal cells of Vicia supported and 
extended by the experimental results later to be discussed. Structures 
that have been observed in vivo (CHAMBERS) ; that reappear with distinet- 
ness and in constant alternate succession on the spirem before condensation 
in numbers of plants and animals; that may be separated by the pull of 
the micro-dissection needle (CHAMBERS) ; that occur and reoccur in char- 
acteristic sequence, form, and position through successive generations in 
the spirem of Phrynotettix |Wenricn (46),|; that support and are sup- 
ported by theories of heredity, and confirmed by experimental studies in 
genetics, are by no means ‘‘Zufalls-Strukturen.’’ 

A splitting of the chromocentra and their transformation into paired 
threads from which the chromosomes are built up as LuNpDEGARDH (25, p. 
256) describes, was not observed. The chromocentra gradually fade away 
in the manner described by SuHarp (41, p. 312) and the material is incor- 
porated with that of the developing skein. The thread now undergoes a 
longitudinal splitting, though the manner in which this occurs is not clear. 
Median vacuoles appearing as narrow slits such as described by NoTHNAGEL 
(33, p. 453) were not observed. Vacuolization in the normal chromosome 
of the telophase as CHAMBERLAIN (3, p. 209) describes, is evident, and in 
some of the treated cells later to be described, extremely marked. Follow- 
ing the longitudinal fission the thread becomes shorter and thicker, and 
forms into a dense mass surrounding the nucleolus. In this stage all trace 
of a split is lost through temporary fusion. In preparations not too densely 
stained and with strong light, the nucleolus, somewhat reduced in size and 
frequently irregular in outline, may still be seen in the center of the mass. 
While in this intimate contact with the chromatin thread, it rapidly 
decreases in size and finally entirely disappears through solution. The 
rate of solution differs with the nature of the cell, and is greatly affected 
by the environment. The idea of Rosen (36, p. 272) ‘‘vielleicht spielen 
auch hier Ernahrungs- und Wachsthumsbedingungen der Organe, welchen 
die Kerne angehorten, eine Rolle’’ is confirmed in the experimental part. 

While the thread shortens and thickens as described, the fundaments 
of the spindle appear in the form of delicate kinoplasmic structures usually 
on opposite sides of the nucleus. In these fundaments, at first low and 
dome-shaped, later conical, the kinoplasmic fibers may frequently be seen 
to diverge from several points (multipolar diarch), and later from a single 
point-bipolar diarch [Straspurcer (43), p. 118]. According to Drevisé (5) 
and Rospyns (35) these pole caps are of intranuclear origin and are inti- 
mately connected with the change in size which the prophasic nucleus 
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undergoes. With the shrinkage of the nucleus in the later spirem stage, a 
polar flattening takes place due to the exudation from the nucleus of part 
of its karyolymph. This karyolymph meeting with the cytoplasmic fluid 
forms, through gelation, a homogeneous mass, the polar caps. The presence 
of fibers in these caps is attributed by them and others, to bad fixation. 

For the present I must adhere to the statement above made, and agree 
with ALLEN (1, p. 281) that the spindle is of both nuclear and cytoplasmic 
origin, and that the fibers are real and perform a definite function in the 
mitotic process. A fuller discussion is reserved until the experimental 
evidence has been presented. When the closely wound thread opens and 
flattens into the equatorial plate, the paired superimposed chromosomes 
lie in a single plane. Repeated counts showed 2 long and 10 short 
[Sakamura (40) ]. 

The spindle is now completely formed and consists, contrary to Drvist 
(5), of two sets of fibers, (1) those of the central spindle running from 
pole to pole, and (2) the mantle fibers running from the place of insertion 
on the chromosome to the poles. The insertion of the fibers is near the 
middle of the 2 long and near the end of the 10 short chromosomes. 

Slight deviations from the normal position of the mitotic figure are not 
infrequent in the cells of the normal root. They are largely due to space 
relations. In the broad but relatively short cells of the periblem, the 
mitotic figures not infrequently are placed diagonally in the cell and 
the chromosomes of the equatorial crown may not lie in a plane. By the 
rotation of the phragmoplast in the process of wall formation, the cell wall 
is usually formed perpendicular to the long axis of the root. It is clear 
that in such cases the polar caps do not indicate the polarity of the cell as 
maintained by Rospyns (35). 

The anaphase and telophase have been very fully described by others. 
They shall receive further attention after certain features contributed by 
the experimental section have been described. 


Part I 

1. The effects of pressure on the cells of the root-tip 

A. Root-TIps IMBEDDED IN PLASTER OF PARIS BLOCKS 
The seedlings were grown in a manner already described, and when 
the roots had reached a length of 2 em., they were thrust into a rather stiff 
mixture of plaster of Paris and water, as described by Prerrerr (34, p. 239). 
The plaster of Paris block must not be too small or the pressure exerted 
by the growing root will cause it to burst. The seedlings, with roots so 
imbedded, were placed in shallow pans of water at 18° to 20° C., and fixed 
at intervals of 24 hours for a period of 30 days. It was found that it would 
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not do to free the root from the plaster of Paris block before fixing. When 
freed before killing the root elongates considerably, as will be described 
later, and thus disturbs the true relations of the cells and cell structures. 
To prevent this, the seedling, with the block somewhat pared down, was 
immersed in the fixing agent for several hours for initial fixing. The roots 
were then freed of the adhering plaster of Paris and placed in fresh fixative 
for the usual time. 

The changes occurring in the cells of imbedded roots during the first 
two days are marked; after that the difference is one of degree only. For 
description the cells of a root-tip imbedded for five days has been chosen. 

The cytoplasm in all of the cells is greatly reduced in quantity, and is 
of a delicate flocculent structure. Rather course fibers staining deeply with 
the gentian-violet, are frequently found irregularly distributed through it. 
Occasionally, structures of a similar nature form a number of concentric 
rings with a small dense body in the center (fig. 1, pl. 1). The regions of 
meristematic cells have been reduced fully one-half, and, in many respects, 
the cells present an appearance not unlike that of the inanitiated roots, to 
be described later. The zone of elongation has correspondingly decreased, 
and the tracheal tissue has moved acropetal to within 2.5 mm. of the tip 
[Prerrer (34), p. 351; NatHANSOHN (29), p. 680], and the fundament of 
the youngest lateral root, to within 5 or 6 mm. of the tip. In the large 
vacuoles of many of the prematurely aged cells lie heaps of bodies staining 
orange. 

The nucleus is smaller than in the corresponding physiologic zone of 
the normal root. Its reticulum is very coarse, dense, and basiphilous; here 
and there the individual meshes seemed to be enlarged, but, closer examina- 
tion shows that this apparent enlargement is due to a branch of the greatly 
modified hof. This branch can readily be followed through the reticulum 
to the nuclear membrane. Where it meets the nuclear membrane this is 
raised in the form of a blister (figs. 1 and 2, pl. I), and gives the nucleus 
an amoeboid appearance. 

The greatly reduced nucleolus, 1/3 to 1/15 the diameter of the normal, 
and spherical, disk, or lens-shaped, lies against the wall of the irregular 
hof. It stains normally and vacuoles are generally absent. 

The cells near the tip continue to divide mitotically for approximately 
four days. Owing to the continuance of the nuclear and eell division 
without the possibility of elongation, the cells become greatly reduced in 
size (fig. 3, pl. 1), and differ from those of the greatly shortened zone of 
elongation in that the walls are not thrown into folds (entspannt). The 
difference in the size of the cells that did not divide, as seen in the figure, 
and those that did, is easily recognized; also the difference in the size of 
the nuclei [cf. HALLBAUER (10) p. 15]. 
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In the normal root the cells of the periblem very soon lose the power 
of division and then simply increase in size. If this increase be prevented, 
as by imbedding in plaster of Paris, the cell walls continue to grow by 
intussusception and are, therefore, thrown into folds, or are buckled, or 
send tube-like projections into the intercellular spaces. Prerrer (34, p. 
311, 321) first called attention to this buckling under conditions similar to 
those described above. 

Apparently all growth soon ceases and the cells more than 2.5 mm. from 
the tip pass prematurely into permanent tissue. Mitotic divisions cease in 
the very short meristematic zone of the tip but will start anew very soon 
after the root is freed from the plaster of Paris cast. In this connection 
it is interesting to note the very rapid growth of the tip if, by chance, the 
root under high turgor pressure |[Prerrer (34), p. 300] pushes off an all 
too thin layer of the plaster and thus frees its tip. The first and very rapid 
elongation is due to the straightening of the buckled cell walls. The first 
apparent cellular changes consist in a slight increase in the quantity of the 
cytoplasm and the disappearance of the violet threads from the same. 
Then the nucleus slightly enlarges and regains its regular spherical form. 
The reticulum remains coarse and narrow meshed for some time, and chro- 
matin in the form of chromocentra collects on the reticulum. The hof and 
nucleoli appreciably enlarge, and the irregular processes that the hof had 
sent to the nuclear wall disappear. 

After 10 hours the mitotic figures reappear in increasing numbers. 
They are, except for size, in every respect normal. The spindle, owing to 
the irregular arrangement of the cells, is very frequently placed at an angle 
to the longitudinal axis of the root. The walls, however, are normally 
formed by the rotation of the phragmoplast. 

When in the process of imbedding, air bubbles lodge along the course 
of the root, the small chambers thus formed are readily filled with tissue 
as shown in figure 4, plate I. Here the outermost layers of cells are more 
or less disorganized, while the cells of the first intact row are distinctly 
elongated in a direction perpendicular to the long axis of the root. This 
elongation becomes less marked in each successive row, and ceases in the 
third to the fifth row inclusive, as shown in figure 4, plate I. This growth— 
plastic growth—is the same as that responsible for filling in the intercellular 
spaces. Nuclear and cell divisions never occur in connection with the filling 
in of small chambers. 


B. THE GROWTH OF ROOTS IN PLASTER MOLDS 


The object of this series of experiments was to determine the manner in 
which lateral chambers in a mold, of various sizes and at different levels 
from the tip, were filled in by growth. 
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The molds were made as follows: Large flat plates of plaster of Paris 
1 em. in thickness were cast and then cut into blocks 3x2 em. Two such 
blocks were placed with their smooth faces in contact and securely wired. 
By means of a steel instrument of approximately the same diameter as the 
root, a passage 2 em. deep was so bored that one-half appeared in each 
section of the mold. The mouth of the passage was then enlarged as shown 
at a, figs. 1 and 2. The two halves of the mold were then separated and 
corresponding lateral chambers cut in the respective halves (figs. 1 and 2). 





Figs. 1 and 2. Molds of plaster of Paris for study of root growth. 


The halves of the mold were then brought together again, reinforced by a 
piece of wood the size of the mold, and the whole securely wired together. 
A root about 2.5 em. long was placed in the passage provided, and the 
widened mouth filled with plaster of Paris. The plaster of Paris served to 
keep the root in a fixed position and prevented it from backing out when 
the tip met with resistance. The heavy cotyledons were held in place by 
a pin thrust through them and into one of the blocks of wood. The seedlings 
thus prepared were immersed in tap water nearly up to the cotyledons. 
By the use of molds of this character, the roots may be made to assume 
almost any conceivable form, fig. 3. 

The extent and nature of the growth by which the chambers of the 
mold are filled, vary with the form of the chamber and the distance it is 
placed from the tip of the root. A root secured in a mold as illustrated 
in fig. 2, soon reaches the end of the passage and is effectively hindered from 
further growth in length. For a number of days, approximately five, 
nuclear and cell division continue and form cells which in size are very 
much below the normal for the zone. While this is going on, the lateral 
chambers of the mold are gradually being filled with tissue by a localized 
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Fig. 3. Roots grown in molds similar to those of figs. 1 and 2. Outgrowths into lateral 


chambers shown in B, C, and D. 


growth in thickness (fig. 3). This growth, by which ultimately an entire 
cavity is filled is distinctly of two kinds, the mode being determined by the 
distance of the cavity from the tip. Before entering upon a description of 
these two kinds of growth, it is essential that we have clearly in mind the 
nature of the cells, as described for root-tips imbedded in plaster of Paris 
blocks. The meristematic cells form a very short region of the tip, and 
the tracheal elements (permanent tissue) have moved acropetal to within 
2 mm. of the tip. At this level, the periblem cells have lost the power of 
nuclear and cell division but still retain the power of growth as demon- 
strated by the folding or buckling of the walls. A lateral cavity situated 
in this region will, therefore, be filled by the elongation, laterally, of the 
cells of the periblem and a gliding of the cells past one another towards the 
area of least pressure (figs. 4 and 5, pl. 1). The process may be compared 
to the filling of a mold with some plastic mass, and the term ‘‘ plastic 
growth’’ may appropriately be applied [Prerrer (34) p. 268]. 

In the region in which the tracheal elements have developed, a growth 
in thickness by nuclear and cell division very early takes place in the peri- 
cycle. This is demonstrated most readily by imbedding the tip of a root 
for only a few millimeters in plaster of Paris, thus preventing growth in 
length without checking growth in thickness. Such a root will show in a 
few days a marked increase in thickness on a level with the developed 
tracheal elements, but this gradually diminishes toward the older regions 
of the root. A microscopic examination will show this growth in thickness 
to be due to nuclear and cell division in the pericycle. In roots allowed to 
remain for some time thus fixed, a change in the rate and position of the 
thickening will take place. The reason for this becomes obvious when roots 
(fig. 3 D) grown in molds as illustrated in figure 2, are microscopically 
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examined. It is of interest to note that although the cavities are of equal 
size, the lateral growths of the root vary in size, decreasing in either direc- 
tion from the third above the tip. A microscopical examination shows very 
clearly that the lateral growths from 1 to 2 mm. from the tip are produced 
by the enlargement laterally of the cells of the periblem, i.e., by ‘‘plastic’’ 
and ‘‘gliding’’ growth. The chambers near the tip, if limited in size, are 
rapidly filled; those at a greater distance from the tip fill more slowly 
because of the different mode of growth. Here the filling in is due to 
nuclear and cell division taking place in the pericycle and pushing the 
tissue of the periblem before it. If the chamber is large enough, the tissue 
of the periblem is followed by the new tissue arising from this local and 
premature growth in thickness within the pericycle. The cell division in 
the pericycle will continue for some time after the chamber has been filled, 
but ceases when the already very narrow cells have been further reduced 
in size by cell division without the concomitant cell-stretching. 

In contrast to the ‘‘plastic growth’’ earlier described, the growth just 
discussed may be designated as ‘‘correlation growth,’’ [Prerrrer (34) ; 
Herine (12) ] that is, a growth by nuclear and cell division that is directly 
related to and initiated through the interruption of the growth at the tip. 
At first sight, this correlation growth would seem to be nothing more than 
the normal growth in thickness. That this is not the case is readily seen 
by reference to figure 3 D. In this root the fourth lateral outgrowth, in a 
region in which the growth in thickness would normally be more active 
because the fundaments are older and farther developed, is, nevertheless, 
considerably smaller than the second or third from the tip. 

The cytoplasm, nucleus, nucleolus, and hof present the characteristics 
already described under A. 


C. THE GROWTH OF ROOTS UNDER LATERAL PRESSURE 


In the present section it is the intention to follow the method of growth, 
and, more especially, to determine the position of the mitotic spindle in 
roots of Vicia faba placed under strong lateral pressure. 

Kny was the first experimentally to follow a modification of growth in 
plant tissue as determined by lateral pressure. ‘‘Sie geben fiir das Pflan- 
zenreich den ersten experimentellen Nachweis, dass es méglich ist, die 
Orientirung der Kernfigur und damit die der Theil- 
ungswand dadurech zu bestimmen, das man durch Zug 
bezw. Druck dem vorhergehenden intensivsten Wachs- 
thum eine bestimmte Richtung willkiirlich aufnéthigt”’ 
[Kny (19), p. 390]. It must be here stated that Kny reached the above con- 
clusion from a study of the position of the cell walls; the orientation of the 
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mitotic figure was not observed. NimeEc (30, p. 214) repeated the experi- 
ments of Kny and paid particular attention to the position of the mitotic 
figure. He confirms Kny’s results in so far as the orientation of the cell 
wall is concerned, and adds that the pressure experimentally applied, 
modifies the periplast (p. 242) and through it determines the orientation 
of the mitotic spindle, and, consequently, the cell wall. He says, “‘Ich 
wiederholte einige Versuche, die in dieser Beziehung von Kny ausgefiihrt 
wurden (mit Kartoffeln, Wurzeln von Helianthus annuus, Pisum, 
und Vicia) und fand, dass durch Zug oder Druck die bipolare hyaline 
Spindelanlage oder wenigstens die Achse der achromatischen Fiaserchen 
orientirt wird. Die Richtungen dieser Achsen stimmen aber mit den 
Richtungen der geringsten, durch Zug oder Druck eines homogenen festen 
Korper inducirten Elasticitit tiberein.”’ [Nimec (31), p. 247]. From 
the above and also from his discussion on page 242, it is apparent that 
NEMEc assumes that the orientation of the spindle in the cells of roots 
growing under lateral pressure is due to a modification of the form of the 
‘*periplast.’’ The periplast with its fluid content is spherical when in com- 
plete equilibrium, and becomes elliptical through lateral pressure acting on 
the cytoplasm. From this one may infer that NEMEc supposed the cytoplast 
to be equipotential, that is, isotropic, and that the change in the form of 
the periplast is due to a change in the cytoplasm in consequence of which 
it fails to transmit pressure as does a liquid. 

In a second contribution Kny again takes up the influence of pressure 
on cell division and, so far as pertains to his study of the root-tip of Vicia 
faba, still holds to his former view, though he modifies it as follows: ‘‘Es 
zeigt sich hier, wie auch an anderen Stellen des Wurzel- 
querschnittes, dass die Druckkrafte den durch Erblich- 
keit vorgezeichneten Zelltheilungsvorgingen bis zu 
einem gewissen Grade entgegenwirken, sie aber nicht 
vollstandig unterdrticken”’ [Kny (20) p. 77]. 

The method used for placing the root under lateral pressure is a modifi- 
cation of the one used by Kwny in his earlier work [Horrrs (16), p. 41]. 
Two pieces of plate glass 12.5 em. square are held together. by wooden strips 
in such a manner that while they meet along their lower edges there is a 
distance of about 3 mm. between the upper edges. This distance is main- 
tained by the insertion of small cork plugs (fig. 4). The width of the 
wedge formed by the two plates could be readily varied by simply sliding 
the wooden strips up or down. Between the two wooden strips on one side 
was placed a rather strong nickeled steel spring. This gives a constant 
pressure upon the growing tip. 

The seedling was placed in position by carefully shoving the root beween 
the converging plates until its tip met with a considerable resistance. The 








20 PLANT PHYSIOLOGY 














Fig. 4. Glass plate apparatus for producing lateral pressure upon growing roots. 


whole was then placed in a dish of tap water reaching nearly to the coty- 
ledons. The apparatus was slightly inclined until the root-tip had by 
growth wedged itself between the glass plates, when it was placed in a 
vertical position. Curvature of the tip was by this greatly reduced. When 
the root had firmly established itself, the wooden bars were moved upward 
sufficiently to slightly compress the spring. In the wider portion of the 
wedge, the root grew quite rapidly, but when it reached the portion where 
the plates were only 0.5 mm. apart, growth in length was greatly retarded 
and soon ceased. With this retardation or cessation of growth in length, a 
growth in thickness, parallel to the plates would very soon manifest itself. 
This latter growth reached its maximum about 3 mm. from the tip, and 
then decreased in both directions, though the more rapidly toward the tip. 
This zone of maximum growth agrees perfectly with the growth in thickness 
described under A and B as ‘‘correlation growth.’’ 

For reasons similar to those stated under A, it was found necessary to 
kill and partially fix the root-tips before freeing them from the glass wedge. 

Cross-sections at different levels of root-tips grown as above described, 
agree with the results reported by Kny and NEMec in so far as size relations 
and number of cells are concerned. In several cases the difference in the 
number of cells parallel and perpendicular to the glass plates was consid- 
erably larger than that given by these investigators. Although the number 
of cells parallel and perpendicular to the glass plates of the wedge is essen- 
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tially that reported by Kny and NEmgEc, I am convinced that this difference, 
as also the orientation of the cell walls and mitotic figure, can be accounted 
for by the forms of growth discussed under A and B. 

When the root growing into the ever-narrowing wedge finally reaches 
its limit of growth, the cells of the tip and of the periblem perpendicular 
to the glass plates show essentially the same characters as described under A. 
The cells of the tip when further advancement of the root-tip is mechanically 
prevented, continue to divide mitotically but fail to elongate in the normal 
axial direction. A high turgor pressure is developed in such cells, and, in 
consequence of it, the cell is deformed by sending processes into the inter- 
cellular spaces. On the free sides, that is, the sides opposite the pressure, 
elongation is more extensive and the cells more regular in size and shape. 
A cross-section of such root-tips frequently shows distinct evidence of a 
gliding growth. The cells in the diameter perpendicular to the glass plates 
are soon mechanically prevented from farther elongation; those in the 
diameter parallel to the glass plates are free to elongate in that direction. 
In the angles formed between these cell complexes, the lines of a gliding 
growth are very apparent (fig. 6, pl. 1). By careful comparison of the 
cross-sections of a large number of roots, I find that the mitotic figures, so 
long as cell division in the tip and the periblem continue, are normally 
oriented. The difference in the number of the cells on the sides under 
pressure as compared with those not under pressure is not due to the orien- 
tation of the spindle through pressure. From a study of longitudinal 
sections of roots treated as above, it is very evident that the cause must be 
attributed, for the greater part, to plastic and gliding growth (fig. 7, pl. 1). 
In addition to this, correlation growth brought on by the cessation of divi- 
sion in the cells that are mechanically prevented from enlarging and the 
acropetal movement of the permanent tissue plays an interesting and im- 
portant part. Under A and B it was shown that cell division in both the 
tip and the pericycle, ceased when the cell was reduced in size by nuclear 
and cell divisions without the concomitant stretching. 

In roots subjected to lateral pressure, a growth in thickness very soon 
starts. This shows the same peculiarity as that already described in sec- 
tions A and B, being most rapid at a point a little back of the end of the 
tracheal elements. This growth, ‘‘correlation growth,’’ is due to the multi- 
plication of the cells of the pericycle, perpendicular to the long axis of the 
root, and is induced by the retardation or cessation of the growth of the tip. 
The normal growth in thickness, starting later, will eventually overtake 
that described as correlation growth. In both these modes of growth in 
thickness the mitotic spindles are normally oriented, that is, perpendicular 
to the long axis of the root. On the sides of the root not subjected to 
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pressure nuclear division and growth continue; while on the sides subjected 
to pressure the nuclear and cell divisions cease when the cells reach a 
minimum size. 

The most interesting and conclusive evidence in support of the above 
is offered by the study of longitudinal sections of a root grown under 
pressure. If longitudinal sections perpendicular to the glass plates be 
made to the center of the root, and the root reimbedded and cut in a plane 
parallel to the glass plates, the cells in the pericycle will appear respectively 
as represented in figs. 8 and 9, pl. I. In 9, the nuclear and cell divisions 
have continued until a large number of rather small and closely packed 
cells have been produced. The mitotic figures, as represented, are normal 
in position, and at this time, because of the few cells of even average size, 
very few in number. Soon, all divisions in this plane will cease. Cell 
division and growth, however, will continue in a direction parallel to the 
glass plates. 

The mitotic figures in every phase appear normal, and but for occasional 
exceptions due to irregularities of the cells on account of varying space- 
accommodation, are placed perpendicular and not parallel to the glass 
plates. In no case examined could there be found any indication of an 
effect on the early mitotic phases such as NEMxc describes (31 p. 246). 

The cells of roots treated as described in sections A, B, and C show 
many points of similarity. By the methods of experimentation used, the 
roots in each case were mechanically prevented from growth in length. 
This inhibition affected both the internal structure of the cell, and the 
manner and rate of growth in thickness of the root. 

The cytoplasm of the tip cells is rapidly reduced in quantity, though 
its structure is not materially changed. In the cells of the formative 
region, it has been reduced from one-half to two-thirds its normal extent, 
and peculiar heavy violet threads or concentric circles are quite common. 

The cells of the periblem lose their cytoplasm far more rapidly than do 
the cells of the plerome or the initial cells of the tip. This loss of cytoplasm, 
however, does not affect the turgor of the cells as has been shown [PFEFFER 
(34) ], and as will appear in a subsequent discussion. In the cells in which 
the turgor has been greatly increased large numbers of spherical bodies are 
usually found. 

The nucleus of the formative region is somewhat smaller than that in 
normal cells of similar position and size. The reticulum is very dense, 
owing to its fine meshes and apparently abundant chromatin. The nucleo- 
lus is greatly reduced in size, varying from 1/3 to 1/15 the diameter of 
the nucleolus in similar cells of the normal root. The hof is absent or 
greatly reduced in size, and frequently sends an irregular canal to the 
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nuclear membrane. At the point where this canal meets the nuclear mem- 
brane the latter frequently shows a papilla-like protrusion. 

Nuclear and cell divisions continue for some time in the formative region 
even when the cells are mechanically prevented from further growth (fig. 3, 
pl. I). The size of the nuclei in these newly formed cells is distinctly 
smaller than in the contiguous larger cells. This with the reduction in 
quantity of the cytoplasm already stated are of interest in connection with 
the ‘‘nucleus-plasma-relation’’ of Hertwic (13, p.4). The nuclear and cell 
divisions soon cease, and the metabolic nucleus remains apparently un- 
changed for a period of 30 days. Up to and including this period, the 
roots begin at once to elongate when freed from the mechanical hindrance. 
This elongation is due to the high turgor pressure in cells with buckled 
walls. Nuclear and cell divisions occur in from 5 to 24 hours. The division 
of the nucleus is always preceded by a slight increase in the cytoplasm. 
The mitotic figure is normal, but undersize. 

’ All the mitotic figures both in the formative region of the tip and in the 
pericycle are normal, except for size. In no case was evidence found in 
support of the aggregate condition of the cytoplasm, which by transmitting 
pressure unlike liquids, exerts an orienting influence on the mitotic figure 
through a deformation of the periplast [Nimerc (31), p. 226]. The orien- 
tation of the mature spindle is normal, and the difference in the number 
of cells, ete., parallel and perpendicular to the plane of pressure [cf. 
Hortes (16) p. 43] is due to plastic and gliding and correlation growth 
[| K6uuER (21) ]. 

In a root whose tip is prevented from further growth, the tracheal tissue 
moves acropetal to within 1 or 2 mm. of the tip, and a correlation growth 
in the pericyele very soon starts. 

When the cells of the periblem have lost the power of nuclear division, 
they are still in a stage of active growth. 

In roots subjected to lateral pressure between two glass plates, active 
cell growth in the periblem continues on the free sides. This is exactly 
comparable to the filling of the cavities in plaster of Paris molds as 
described under B. 

If further growth of the tip of the root is mechanically prevented by the 
converging glass plates and cell division has ceased, the walls of the cells 
continue to elongate by intussusception and are thrown into folds, or buckle, 
as shown in figure 4, pl. I. This buckling of the membrane takes place 
while a very high turgor is maintained in the cells [Prerrer (34), p. 296], 
and suggests further work on the relation between turgor and growth by 
wall-stretching [DavENporT (4), p. 73]. By this process of plastic growth 
the regular arrangement of the cells becomes disturbed to a greater or less 





24 PLANT PHYSIOLOGY 


degree and a process of gliding growth ensues as at a, fig. 7, pl. I. This 
gliding growth, so manifest in longitudinal section, accounts for the follow- 
ing statements by Kny: ‘‘Die Rindenzellen greifen unregelmissig zwischen 
einander ein’’ (20, p. 77). This growth, however, is of relatively small 
interest as compared with that due to nuclear and cell division in the peri- 
eyele. Growth in thickness normally begins in the older and proceeds to 
the younger regions of the root. When growth in length is prevented, a 
growth in thickness in the younger regions lying from 2 to 5 mm. back of 
the tip begins. This produces a swelling, which falls off abruptly toward 
the tip and more gradually in the opposite direction. Such an abrupt and 
local growth in thickness was obtained in roots of Vicia many times and in 
different ways. In fact, any agent that destroys or inhibits growth at the 
tip, is likely to produce this local thickening through correlation growth. 
Figure 10, pl. I, represents a root of Vicia that was grown in moist air and 
dipped in cold water for an instant every day. Sacus (39, p. 801) produced 
similar roots by the same method. He further observed a similar thickening 
in a root of Monstera, which, while growing along horizontally, struck with 
its growing tip a rough wall. Hormetster (15, p. 161) before Sacus, had 
observed a similar thickening when roots of Zea mays grew against the 
bottom of the flower pot. Both Hormetsrer and Sacus at first attributed 
this thickening to a telescoping of the tender cells when the tip is mechani- 
eally stopped and growth in the regions behind it continues. When Sacus 
obtained similar results on roots in moist air, he gave up this idea without 
attempting an explanation. 

From the above it is apparent that there exists a definite relation between 
the retardation or inhibition of the growth of the tip and this peculiar 
mode of growth in thickness. Further, by alternately recurring conditions, 
now favorable, now unfavorable to growth in length, a more or less monili- 
form root may be produced (fig. 10, pl. I). It is apparent, then, that 
this form of growth is due to stimulation, and Prerrer’s term, ‘‘correlation 
growth’’ may be applied to it. 

Anatomical and cytological studies show conclusively that this mode of 
growth is due to premature nuclear and cell divisions in the pericycle 
induced through stimulation. The orientation of the spindle, and conse- 
quently the position of the cell wall, is not determined as Kny, NEmec, and 
GIESENHAGEN (9, p. 45) maintain. The tissue differentiation within the 
root-tip whose growth is mechanically or otherwise retarded or inhibited, 
determines through correlation the character of the subsequent growth, and, 
consequently, the orientation of the mitotic spindle. This premature 
growth in thickness in the region near the tip starts in roots imbedded in 
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plaster of Paris, or growing between glass plates, but soon ceases with the 
reduction in the size of the cells, and is easily overlooked. It can be readily 
detected if chambers are provided in the region of the root immediately 
behind the tip, as at the second and third lateral growths from the tips in 
figure 3 D. In roots subjected to lateral pressure, as described under C, 
few nuclear and cell divisions occur perpendicular to the plates because 
of the rapid decrease in the size of the cells. In such as do occur, the 
orientation of the mitotic spindle is normal, that is, the axis of the figure 
coincides with the radius of the root. On the sides not under pressure 
this growth in thickness continues and forms a considerable tissue. The 
manner of growth is not readily followed in cross-sections, as Kny and NEMEC 
evidently studied, but in longitudinal sections prepared as described under 
C, and as represented by figures 8 and 9, pl. I, is easily apparent. 

What has been said of the spindle in ‘‘correlation growth’’ holds equally 
well for the normal growth in thickness further removed from the tip. The 
statement of Kny, ‘‘Bei Zelltheilungen suchen sich die Scheidewinde in der 
Richtung des Druckes und senkrecht zur Richtung des Zuges zu stellen’’ 
(20, p. 96), does not agree with the observations here recorded on Vicia. 


Summary 


In roots of Vicia faba whose tip is mechanically inhibited from further 
elongation, nuclear and cell division continue for approximately five days. 
Nuclear and cell division cease when the cell reaches a minimum size. 

The turgor in such cells may rise many fold above that of normal cells 
of similar age and position. 

Nuclear and cell division in cells of minimum size may again recur when 
the inhibiting agent is removed, and the interval following the inhibition 
has not been unduly prolonged. 

Turgor, perhaps, more than minimum size, is the inhibitor of nuclear 
division. 

The inhibition of nuclear and cell division and of elongation promotes 
internal tissue differentiation. 

The tracheal tissue may move acropetal to within 2 mm. of the tip. 

The premature internal differentiation starts nuclear and cell division 
in the pericycle and leads to a growth in thickness induced through corre- 
lation. 

The mitotic figure in every instance is normal in form and orientation. 

In eross sections of roots under lateral pressure the number of cells 
parallel and perpendicular to the line of pressure is due to plastic and glid- 
ing and correlation growths. 
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The radially placed spindle and the resulting cell walls are identically 
formed and oriented in the earliest stages of correlation growth induced by 
the inhibition of longitudinal growth. 

In the later phases nuclear and cell division cease on the sides under 
pressure and continue on the free sides. 

This leads to a greater number of cells on the free sides and the orienta- 
tion of the cell wall apparently in accordance with the views of Kny and 
NEMEC. 
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EXPLANATION OF PLATE 


Cells from imbedded root, showing characteristic cytoplasmic features. Note 
concentric ring structures surrounding a small dense body. 

Nucleus with amoeboid appearance, the nuclear membrane raised in the form 
of a blister where a branch of the modified hof meets the nuclear membrane. 

Cells reduced in size by continued nuclear and cell division, without elongation. 
Note the smaller nuclei in the recently formed smaller cells. 

Cells with walls thrown into folds by pressure. The buckling of the walls 
occurs along with high turgor in the cells. 

Growth behavior of cells in ‘‘plastic’’ growth. Periblem cells elongate later- 
ally, gliding past one another towards the area of least pressure. 

Cells showing lines of gliding growth, in roots under lateral pressure. 

Gliding growth of cells, under pressure, as at a. 

Longitudinal section of root, showing manner of growth of root cells under 
pressure. 

Longitudinal section of root, in which nuclear and cell divisions have continued 
until a large number of closely packed cells have been produced. Mitotic 
figures normal in position but few in number. 

Moniliform root of Vicia faba, grown in moist air, and dipped into cold water 
for an instant every day. 
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THE INFLUENCE OF BORON ON THE CHEMICAL COMPOSITION 
AND GROWTH OF THE TOMATO PLANT 


EARL 8S. JOHNSTON AND W. H. DORE 
(WITH NINE FIGURES) 


Introduction 

An investigation was undertaken by one of the writers for the purpose 
of determining the minimum potassium requirements of the tomato plant. 
It was planned to use water cultures in these studies. Although the solu- 
tions contained the so-called essential elements for normal plant growth it 
was soon discovered that the plants failed to grow. Since attention had 
been recently called to the importance of boron and manganese it was 
thought that a possible solution to the problem lay in adding these elements 
to the culture medium and a special experiment was conducted to test their 
effects on the growth of the tomato. Manganese (1.0 ppm.) was added to 
the nutrient solution as manganese sulphate and boron (0.55 ppm.) as 
borie acid. The four groups noted in table I consisted of nine cultures, 
each containing a single plant in a two-quart Mason jar. 


TABLE I 
DATA SHOWING AVERAGE HEIGHT AND DRY WEIGHT OF TOMATO PLANTS GROWN IN 
BORON DEFICIENT SOLUTIONS AND IN SOLUTIONS WITH 0.55 PPM. 
BORON AND WITH 1.0 PPM. MANGANESE 








Nl 
DRY WEIGHT 











GrouP | SOLUTION | HEIGHT BPP 
Tops | Roots | TOTAL 
| cm. | gm. | gm. gm. 
A No B and Mz ............ | 24.4 | 3.0 0.3 3.3 
B B and Mn added ........ 55.2 6.4 1.5 7.9 
C Min added onneeccee eeeeneeee | 24.3 | 3.0 | 0.3 3.3 
D ae ae | 55.2 5.4 | 1.2 6.6 








An inspection of this table at once shows that the plants of cultures 
containing boron are far more normal than the others. It cannot, however, 
be concluded that manganese is not essential. Although chemicals of a 
good grade were used in these experiments there is no assurance that they 
were completely free from manganese and boron. Nevertheless, the experi- 
ment does show that the tomato plant requires an appreciable amount of 
boron over and above that present as impurities in the solutions used. 
Figure 1 shows very clearly the differences in growth of two representative 
31 
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Fic. 1. Photograph showing boron deficient tomato plant (left) and one grown in a 
similar solution to which 0.55 ppm. boron as borie acid had been added (right). 


plants of this experiment, one (left) from a culture deficient in boron, the 
other (right) from a similar solution to which boron (0.55 ppm.) as boric 
acid had been added. 

The growth responses of the tomato to boron were so marked and inter- 
esting that a more detailed study was undertaken. The necessity of boron 
to the growth of other plants has been pointed out by other investigators 
within the last few years. The earlier workers with boron concerned them- 
selves with detecting its presence in various plants. The amounts found 
as boric acid varied considerably, sometimes running as high as one per cent. 
or slightly above. The presence of boron per se in the plant is, however, 
no indication that it is essential for growth. The natural supposition would 
be that its presence is a detriment rather than an asset, since very small 
amounts are known to be exceedingly toxic. For reviews of the literature 
and descriptions of experiments indicating the necessity of boron for 
normal plant growth and development the reader is referred to BRENCHLEY 
(2), BRENCHLEY and Warrineton (3), Sommer and Lipman (14), Swan- 
BACK (15), and Wartneton (16). In a preliminary paper JoHNsTON and 
Dore (8) called attention to the necessity of boron for growth of the tomato 
plant. 
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Experimentation 


The experiments described in this paper were carried out in the Division 
of Plant Nutrition at the University of California and in the Department 
of Plant Physiology at the University of Maryland. The variety of tomato 
used at California was the Santa Clara Canner, and at Maryland this same 
variety and Marglobe were used. The seeds were germinated between 
layers of moist filter-paper. When the roots were 2 to 10 mm. long the 
young plants were transferred to a germination net similar to that described 
by JoHnston (7). After the seedlings had reached approximately 2 to 3 
em. in length they were transferred to the culture solutions. Each culture 
consisted of a single plant supported by means of a little cotton in a 
paraffined flat cork stopper which fitted into a two-quart Mason jar contain- 
ing the nutrient solution. The jars were wrapped with heavy paper to 
exclude most of the light from the roots. 

_The general nutrient solutions used in the California experiments were 
made up from the following salts: calcium nitrate, magnesium sulphate, 
magnesium phosphate (primary and secondary), potassium sulphate, man- 
ganese sulphate and ferric tartrate. The approximate calculated concen- 
trations of the usual ions in this general nutrient solution expressed as 
parts per million and milliequivalents were: 


ppm. milliequivalents ppm. milliequivalents 
Oa... 200 10.0 Re... 620 10.0 
Mg ...... 60 4.9 5 290 6.0 
ie 78 2.0 ee 74 2.3 


Fe (enough to keep plants green) i 1 0.0364 


In the Maryland experiments the general nutrient solution was made 
up from salts specially prepared by J. T. Baker Chemical Co. for the 
Committee on Salt Requirements of the National Research Council, the 
manganese sulphate and ferric tartrate were of equally high grade but 
obtained from other sources. The Maryland solutions of slightly different 
composition had the following partial volume molecular concentrations : 





De EAR Ns eae 0.005 
ine 0.002 
ee 0.002 





To these general nutrient solutions ferric tartrate (0.5 per cent. solution) 
was added at the rate of a cubic centimeter per liter per day while the 
plants were young. After the roots were well developed iron was added 
less frequently. Boron was added as boric acid to the cultures so desig- 
nated. Expressed as parts per million and milli-equivalents the ions of the 
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basic solution used in the Maryland experiments had the following approxi- 
mate values: 


ppm. milliequivalents ppm. milliequivalents 
>) 200 10.0 NO, ..... 620 10.0 
Mg ...... 49 4.0 _ 194 4.0 
I idsati 78 2.0 ) , | Se 190 6.0 


Fe (enough to keep plants green) —_— .. 1 0.0364 


A second preliminary experiment was conducted to determine an 
approximate range of tolerance of the tomato plant toward boron. Four 
sets of cultures were set up on October 29, 1926. Each set consisted of 10 
two-quart culture jars with a single plant per jar. To the general nutrient 
solutions boron was added at the following rates: 


I i cdo cicctesticplaciiiencnatshicesiechia 0.000 ppm. 
SSE eee 0.055 ppm. 
REECE REY etn cet ae eae 0.550 ppm. 
I ip a 5.500 ppm. 


The plants were harvested on December 10. The average length of stem 
and dry weight per plant as well as the approximate total transpiration 
are given in table IT. 

TABLE II 


DATA SHOWING AVERAGE HEIGHT AND DRY WEIGHT OF TOMATO PLANTS, TOGETHER WITH 
THEIR APPROXIMATE TOTAL TRANSPIRATION WHEN GROWN IN SOLUTIONS 
CONTAINING DIFFERENT AMOUNTS OF BORON 




















DRY WEIGHT | 
Group Boron —_ =. . | = 
Tors | Roots | TOoraL | 
ppm =| cm | gm. | gm | gm | ce. 

A 0.000 | 35.1 2.66 0.22 2.88 952 

B 0.055 | 53.4 3.69 | 0.62 4.31 1584 

Cc 0.550 | 543 3.63 | 0.63 4.26 1562 

D 5.500 45.8 2.75 0.40 3.15 1152 








Weekly measurements of stem height were made, but only the final 
average for each group is included in the table. While making the height 
measurements on December 2 it was observed that the stems and petioles 
of the plants in group A were exceedingly brittle. In later experiments it 
was found that this brittleness was characteristic of tomato plants grown 
in boron deficient solutions. In fact, the brittleness usually occurred before 
any visible manifestation of boron deficiency appeared. The brittleness of 
stems and petioles associated with boron deficiency is best described as 
similar to the breaking of a piece of cheese and not that characteristic of 
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turgid tissues, which usually break with a snap. The data in table IT bring 
out quite clearly an approximate range of boron concentration, below and 
above which growth is inhibited. Plants of group A, to which no boron 
was added, showed a decided retardation of growth and distinct injuries. 
Another marked symptom of boron deficiency is the dying of the growing 
point of the stem. In a short time this tissue becomes blackened and dried, 
thus terminating stem elongation. The stem height measurements of table 
II bring this out as well as figure 1. Plants of group D, to which 5.5 ppm. 
of boron were added likewise showed a retardation of growth. These 
plants also showed distinct injury which, however, was unlike that occurring 
in the boron deficient plants. With this amount of boron the leaves died 
at the margins. A representative leaf from a plant of this group together 
with a leaf from a healthy plant is shown in figure 2. No marked differ- 





Fic. 2. Photograph showing boron injury to the leaf of a tomato plant (left) when 
grown in a nutrient solution containing 5.5 ppm. boron as boric acid. Nor- 
mal leaf (right) does not show the dried and dead margins. 


ences in growth were noted between the plants of groups B and C so that 
it might be concluded tentatively that boron in these particular culture 
solutions was equally good for growth of the tomato plant at concentrations 
of 0.055 and 0.55 ppm. It must be remembered that while 0.055 ppm. of 
boron may be sufficient for normal growth under one set of conditions it 
may be insufficient under others. 

Immediately following the second experiment an investigation was 
started with the object of determining the chemical differences between 
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normal tomato plants and those grown in boron deficient media. Tomato 
seeds (Santa Clara Canner) were germinated in a manner already described 
and on December 15, 1926, the seedlings were set out in the culture jars. 
Two sets of cultures were used in this experiment, one, group A, without 
boron, except for traces that might have been present as impurities in the 
culture solutions, and another, group B, to which boron (0.55 ppm.) was 
added as boric acid. This experiment, as well as the two preliminary ones, 
was carried out at Berkeley, California. Each group contained 40 plants, 
four of which were used in preliminary microscopical tests; the remaining 
36 plants of each group were harvested on February 7, 1927. The nutrient 
solutions were not renewed during the entire growing period. In these 
experiments the amount of mineral elements contained in the solutions 
was sufficient for good vegetative growth over the periods studied. During 
certain seasons in other experiments when transpiration rates were higher 
it was necessary to add distilled water to replace that lost, but this was not 
necessary in the present case. 

Because of the changes in the various constituents (particularly in the 
amount and kind of carbohydrates) that are taking place in plant tissues 
during the day, special care was exercised in harvesting the plants in order 
that the two groups might be as comparable as possible. Six plants from 
each group were alternately harvested. Considerable time was consumed 
in this operation and without a doubt plants harvested in the morning 
differed considerably from those harvested in late afternoon. For this 
reason it seems advisable to include a table showing the time of day as 
well as the character of the sky when each set of six plants from the two 
groups was harvested. These data are presented in table III. 


TABLE III 
DATA SHOWING ORDER AND CONDITIONS OF HARVESTING TOMATO PLANTS 





TIME OF HARVEST 








ee |) ee a) i 
| ; | BEGINNING ENDING , 

A and B | 1- 6 | 9:53 a.m. 10:37 a.m. | Bright and dull 
AandB | 7-12 a ae 12:18 p.m. Bright 
A and B 13-18 2:22 p.m. S383. *¢ Bright 
AandB | 19-24 3:50. <¢ 4:30 * Bright 
A and B | 25-30 | 5:14 * 5:36 “4 Clear sunset 
AandB | 31-36 | tie vias *S Dark 





Plants (7 to 30) of group B, which were harvested during the warmest 
and brightest part of the day, were in a wilted condition. The other plants 
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of group B were turgid when harvested. None of the plants in group A 
(those deficient in boron) were severely wilted at any time of the day. 
Plants numbered 10 and 27 in group A, and 3 and 14 in group B differed 
somewhat in their forms of growth from the other plants. Such variations 
are to be expected with a variety like the Santa Clara Canner which is 
highly heterogenous as noted by Lestey and Rosa (9). Despite these 
variations in growth, injuries were apparent in all of the boron deficient 
plants. 
Analytical methods 


PRELIMINARY PREPARATIONS 


Preparation of samples——The harvesting operations consisted of dissect- 
ing the plants into leaves, stems and roots. An attempt was made to pull 
the expanded leaf tissue from the mid-rib. The petiole and often a small 
portion of the mid-rib were thus included with the stem tissue. The roots 
were severed in a plane just above the position where they branched out 
freely from the base of the stem. Without removing the plants from their 
culture jars the leaves were severed, weighed and dropped into boiling 95 
per cent. alcohol. The stems were then cut from the roots and treated 
similarly, and finally the roots received the same treatment. The boiling 
process was continued for approximately 15 minutes after the plant tissues 
had been introduced. The flasks containing the plants and alcohol were 
then stoppered with paraffined cork stoppers. On cooling, the softened 
paraffin hardened, automatically sealing the flasks. The material was thus 
effectively preserved for analysis. 

Separation of the sample into alcohol-soluble and alcohol-insoluble 
matter.—The contents of each flask were filtered and each filtrate was col- 
lected in a 1-liter graduated flask. The undissolved portion was placed in 
Soxhlet extraction tubes and extracted with 85 per cent. aleohol until color- 
less. The green solution resulting from the extraction was concentrated 
and added to the original filtrate. The combined alcoholic solution was 
then made up to volume. 

Determination of the alcohol-insoluble dry matter.—The colorless in- 
soluble residue was placed in tared weighing bottles, dried in an oven at 
100° C. and weighed. The difference in weight was recorded as alcohol- 
insoluble matter. The material so obtained was used for the determination 
of starch, hemicelluloses, galacturonic acid, lignin-suberin and cellulose. 

Determination of alcohol-soluble dry matter—A 25-ce. aliquot portion 
was taken from each of the liter flasks and total solids were determined by 
weighing after exaporating in a tared porcelain dish and drying in an oven 
at 100° C. From the weight of solids thus obtained, the weight of alcohol- 
soluble dry matter in the liter of solution was calculated by multiplying 
by 40. 
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Determination of total dry matter—The value representing the total 
dry matter was obtained by adding together the values of the alcohol-soluble 
and alcohol-insoluble dry matter. Water was determined by subtracting 
this sum from the corresponding green weight of the tissue. 


ANALYSIS OF THE ALCOHOL-SOLUBLE PORTION 


Preparation for the determination of sugars—100-ce. portions of the 
alcoholic solutions were placed in Erlenmeyer flasks and evaporated to dry- 
ness on the steam bath with the steam turned low so as to avoid undue 
heating of the sugars. To remove chlorophyll and other substances prepara- 
tory to determining the sugars, the dried residue was digested three times 
with benzene on the steam bath, the benzene solution being poured through 
a folded filter. The combined benzene filtrates were evaporated in a tared 
beaker, dried, weighed and recorded as benzene-soluble matter. 

One portion of the benzene-insoluble residue was in the original flask 
and another on the folded filter. Both were heated over the radiator to 
expel adhering benzene. 15 ce. of hot water were next added to the flask 
and, after a few minutes, when the sugars had dissolved, the solution was 
poured through the filter-paper dissolving the rest of the residue. Flask 
and filter were washed with a few cubic centimeters of hot water collecting 
the solution in a 110-ee. flask. 

The filtrate was cooled to room temperature and basic lead acetate added 
drop by drop until no further precipitation occurred. The excess lead was 
removed by adding saturated sodium oxalate solution in slight excess. The 
solution was then made up to 110 ec. and unless the analysis was to be 
completed at once about 1 ec. of toluol was added to the solution as a 
preservative. 

Reducing sugars——Reducing sugars were determined on 25-ce. aliquot 
portions of the prepared solution by a slight modification of the Munson 
and Walker method, (C. A. Brownr, Handbook of Sugar Analysis, p. 426, 
New York, John Wiley and Sons, 1912.) The precipitated cuprous oxide 
was collected on tared asbestos Gooch crucibles and washed with water in 
the usual manner, but instead of drying and weighing as cuprous oxide, the 
precipitates were ignited in a muffle furnace to cupric oxide and weighed 
as such. The weight of cupric oxide was multiplied by the factor 0.9 to 
give the weight of cuprous oxide and the corresponding weight of glucose 
was then obtained from Munson and Walker’s tables. 

Reducing sugars after inversion. 





55 ec. of the prepared solution were 


placed in a 110-ce. flask, and 5.5 gm. of solid citric acid added. The mixture 
was then boiled for 10 minutes. After cooling to room temperature the 
solution was made alkaline to phenolphthalein by adding NaOH solution 
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and thereafter dilute acetic acid was added until the red color disappeared. 
The solution was made up to 110 ee. and reducing sugars determined on 
50-ee. portions in the same manner as before. 

Sucrose-——Sucrose is obtained by difference between reducing sugars 
before and after inversion. 


ANALYSIS OF THE ALCOHOL-INSOLUBLE PORTION 


Starch—tTo 1 gram of the alcohol-insoluble material 100 ec. of water 
were added, after which the mixture was boiled for 15 minutes to gelatinize 
the starch. After cooling to room temperature, 0.1 gram of takadiastase 
and 10 drops of toluol were added. The mixture was placed in the incu- 
bator room at 28° C. and left over night. After removing the solution 
from the incubator room it was boiled for 15 minutes to inactivate the 
enzyme and then filtered through a Gooch crucible containing a disk of 
mercerized cotton cloth as the filtering medium. The undissolved residue 
was saved for the hemicellulose determination. The filtrate was trans- 
ferred to a 200-ce. volumetric flask, clarified with basic lead acetate, deleaded 
with sodium oxalate solution and made up to volume. The mixture was 
filtered through a dry filter and 50 ee. of the filtrate were mixed with 5 ee. 
of concentrated hydrochloric acid and boiled for 2.5 hours under a reflux 
condenser. After cooling to room temperature the solution was made 
alkaline with sodium hydroxide solution, then slightly acid with dilute 
acetic acid. It was then made up to volume and reducing sugars expressed 
as glucose. Starch was calculated by multiplying by the factor 0.9. 

Hemicelluloses—The residue remaining after the takadiastase digestion 
was transferred to an Erlenmeyer flask with a measured volume of water. 
To this were added 8 ec. of 12 per cent. hydrochloric acid and water to 
make a total volume of 100 ec. The mixture was heated on the hot plate 
under a reflux condenser for 2.5 hours. The insoluble residue was then 
filtered off and washed and the filtrate transferred to a 200-cc. volumetric 
flask. After cooling to room temperature the solution was made alkaline 
with NaOH, then slightly acid with acetic acid. It was clarified by adding 
basie lead acetate in slight excess followed by sodium oxalate solution to 
remove the excess lead. The solution was made up to 200 cc., mixed, 
filtered through a dry filter, and reducing sugars determined in 50-ce. por- 
tions. The results were calculated to the hexosan formula by multiplying 
the glucose value by 0.9. 

Residue after hemicelluloses—The insoluble residue remaining after 
the hydrolysis of the hemicelluloses was collected on a Gooch crucible con- 
taining a filtering disk of mercerized cotton cloth, dried in the oven at 
100° C. and weighed. 
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Lignin-suberin.—The dried residue after hydrolysis of hemicelluloses 
was digested for 24 hours in 20 ec. of 72 per cent. sulphurie acid. The 
mixture was then diluted with 300 ec. of water, heated to boiling, filtered 
on a Gooch crucible with a cloth filter disk, washed, dried and weighed. 

Cellulose by loss—The material soluble in the 72 per cent. sulphuric 
acid was regarded as cellulose. The value was obtained by subtracting the 
lignin-suberin value from the residue after hemicelluloses. 

Galacturonic acid.—Galacturonie acid was determined by Dorg’s (5) 
modification of the Lefevre method. One gram of the alcohol-insoluble dry 
material was placed in a liter flask with 100 ec. of 12 per cent. hydrochloric 
acid. The flask was placed in a carbon dioxide absorption train and, after 
sweeping out the carbon dioxide due to inorganic carbonates and that 
previously present in the flask by a current of carbon-dioxide-free air, the 
decarboxylation reaction was carried out by heating the flask in an oil 
bath at 130° C. The carbon dioxide produced by this reaction was swept 
out of the flask and absorbed in a weighed Geissler potash bulb, suitable 
precautions being taken to prevent other reaction products from passing 
over. The reaction was continued until the Geissler bulb showed constant 
weight, which usually required 4.5 hours. The weight of carbon dioxide 
multiplied by 4 gives the weight of hexuronie acid present in the plant 
tissue. Since the galacturonic acid of pectic substances is the only hexu- 
ronie acid definitely known to occur extensively in plant tissues, it is 
assumed that the hexuroniec acid value is identical with the galacturonic 
acid content. This in turn is a measure of the pectic substances, but since 
the factor is variable, no attempt has been made to express the results in 
terms of pectic substance. 


Chemical data 


The data presented in table IV give in detail the green weights of 
leaves, stems and roots of individual plants. As is to be expected, consid- 
erable variation in growth occurs, but in general the plants in each group 
were fairly uniform. The average total green weights of the subgroups 
of group A fluctuate with the time of day at which the samples were 
obtained. Reference to table III will show this. These average values 
drop from 41.6 in the first period to 36.9 in the third, then rise to 40.1 in 
the last. Such variations in green weight are to be expected as the water 
content of the plants varies with a change in atmospheric conditions 
throughout the day. The low value of 36.9 in the third period is, however, 
due to the low value of the leaves of plant numbered 18. Several leaves 
from this plant had been removed several days previous to the date of 
harvest and their weights are not included in the table. If the other five 
values are averaged then 36.9 becomes 38.4. The third, fourth and fifth 
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subgroups then become practically equal with reference to their total green 
weights. The subgroup values of group B do not show any regular decrease 
or increase in the total green weight. With the exception of the fourth 
period the values are quite uniform. These general observations suggest 
the possibility that plants of group B are slightly better able to maintain 
a constant moisture content in spite of the fluctuating condition of their 
environment which tends to bring about a water deficit of the tissues, while 
plants of group A seem to lack this ability. Such a general inspection of 
the data would indicate a somewhat greater state of saturation deficit 
occurring in the boron deficient plants during the middle of the day than 
was the case under like conditions in the normal plants grown under similar 
environmental conditions. This, however, is not the case as will be seen 
from the discussion of table VI. 

The amounts of alcohol-insoluble and alcohol-soluble dry matter in 
plants grown in boron deficient solutions and in solutions to which boron 
was added are presented in table V. For convenience this table is divided 
into three sections, 1, s, and r, representing respectively data from leaves, 
stems and roots. In part V—1 it will be noted that no significant difference 
was found between the average total dry weight per plant in group A and 
that in group B, the latter being slightly greater, 0.27 gram, or about 14 
per cent. In each group the percentage of alcohol-insoluble dry matter 
is approximately twice that of the alcohol-soluble material. The alcohol- 
insoluble matter is 7 per cent. less in the boron deficient plants than in the 
normal plants while the alcohol-soluble dry matter is correspondingly 
increased. A survey of these values for the plant stems in part V—s shows 
an increase of approximately 60 per cent. in dry matter of the normal 
plants over the boron deficient ones, these values being 2.83 and 1.76 grams 
respectively. While the actual difference between the two groups is signifi- 
cant, the percentage of aleohol-insoluble and aleohol-soluble matter of the 
total dry weight is the same. Part V—r clearly shows the greater average 
total dry matter in the roots of group B plants. Here the increase is over 
200 per cent., by far the greatest of measurable quantities noted in these 
experiments. The relative proportion of alcohol insoluble and soluble 
matter in the two groups is practically the same. 

So far as the data of table V go, it appears that no marked difference 
in chemical composition of roots and stems is to be expected between plants 
of the boron deficient group and those grown in a medium containing boron. 
There is, however, indication of a difference in chemical composition of the 
leaves from plants in these two groups. The leaves of the boron deficient 
plants contain a higher percentage of alcohol-soluble matter than do the 
normal leaves. Since many of the metabolically important constituents 







TABLE IV 


DATA SHOWING GREEN WEIGHTS OF LEAVES, STEMS, ROOTS AND THE TOTAL WEIGHT OF 
INDIVIDUAL PLANTS GROWN IN BORON DEFICIENT SOLUTIONS AND IN 
SOLUTIONS TO WHICH BORON (0.55 PPM.) WAS ADDED 























Group A (BORON DEFICIENT) 





GrouP B (BoRON—0.55 PPM.) 










































































Leaves | Stems | Roots | Total Leaves | Stems Roots Total 

1 15.0 | 24.0 4.3 43.3 | 15.6 32.5 | 10.9 59.0 

2 12.9 22.4 2.8 38.1 16.2 33.9 14.2 64.3 

3 14.6 22.6 3.7 40.9 16.8 31.0 15.2 63.0 

4 16.2 20.8 3.0 40.0 13.9 30.3 34.3 55.3 

5 15.5 22.6 3.4 41.5 15.3 35.8 11.5 62.6 

6 17.8 24.8 3.1 45.7 16.2 32.7 13.6 62.5 

Total 92.0 | 137.2 20.3 | 249.5 94.0 | 196.2 76.5 | 366.7 

Average ......... 15.3 22.9 3.4 41.6 15.7 32.7 12.8 61.1 

7 14.6 22.6 3.1 40.3 15.3 | 33.7 12.9 61.9 

8 14.9 22.9 3.4 41.2 16.5 | 31.7 14.2 62.4 

9 16.7 22.0 2.9 41.6 16.1 | 33.0 17.3 66.4 

10 14.1 19.9 3.2 37.2 15.4 | 342 12.3 61.9 

11 14.1 21.2 2.8 38.1 143 | 31.2 11.9 57.4 

12 12.6 21.1 3.4 37.1 13.6 | 30.6 12.9 57.1 

Total 87.0 | 129.7 18.8 | 235.5 91.2 | 194.4 81.5 | 367.1 

Average ........... 14.5 21.6 3.1 39.3 15.2 32.4 13.6 61.2 

13 14.5 20.7 3 38.6 16.2 34.7 17.1 68.0 

14 15.8 18.4 2. 37.0 18.1 | 32.4 16.8 67.3 

15 14.6 20.6 3.8 39.0 15.2 31.6 13.0 59.8 

16 12.4 21.7 3.5 37.6 15.2 | 30.3 12.7 58.2 

17 13.9 22.5 3.4 39.8 16.6 28.8 16.3 61.7 

18 6.4 20.0 3.2 29.6 13.3 30.5 10.2 54.0 

Total .......... 77.6 | 123.9 20.1 221.6 94.6 188.3 86.1 | 369.0 

Average ......... 12.9 20.7 3.4 36.9 15.8 | 314 14.4 61.5 

19 15.6 23.1 2.8 41.5 16.7 | 35.0 12.6 64.3 

20 12.9 20.6 3.5 37.0 15.9 35.4 13.3 64.6 

21 12.6 21.0 3.2 36.8 17.4 41.7 14.1 73.2 

22 13.0 19.3 3.3 | 35.6 15.8 34.3 14.4 64.5 

23 14.3 22.7 | 36 | 40.6 17.3 35.3 14.6 67.2 

24 17.4 20.6 | 3.1 | 41.1 16.9 36.7 14.8 68.4 

Tel ........ 85.8 | 127.3 | 19.5 | 232.6 | 100.0 218.4 83.8 402.2 

Average .......... 14.3 21.2 | 3.3 | 38.8 16.7 | 36.4 14.0 67.0 

25 15.3 e693 |. 37 39.3 13.8 28.4 9.0 51.2 

26 12.6 219 | 30 | 37.5 16.8 34.6 14.1 65.5 

27 12.5 21.6 3.1 37.2 16.6 34.1 13.5 64.2 

28 15.6 21.6 2.4 39.6 16.9 35.5 14.8 67.2 

29 13.4 | 21.1 3.0 37.5 | 17.2 35.8 | 13.7 66.7 

30 13.8 | 21.6 3.7 39.1 16.0 32.3 12.0 60.3 

Total .......... 83.2 | 128.1 18.9 | 230.2 97.3 | 200.7 77.1 | 375.1 

Average .......... 13.9 21.4 3.2 38.4 16.2 33.5 12.9 62.5 

31 13.6 22.5 3.6 39.7 15.7 39.4 11.6 66.7 

32 15.0 22.8 3.8 41.6 15.0 33.7 11.8 60.5 

33 11.3 19.8 3.2 34.3 16.9 35.6 12.3 64.8 

34 15.4 20.5 3.6 39.5 17.1 33.5 11.4 62.0 

35 16.6 23.5 3.3 43.4 14.2 35.0 9.3 58.5 

36 16.0 23.2 2.9 42.1 16.3 30.2 9.9 56.4 

Total _.... 87.9 | 132.3 20.4 | 240.6 95.2 | 207.4 66.3 | 368.9 

Average ......... 14.7 22.1 3 40.1 15.9 34.6 11.1 61.5 

Grand total........ 513.5 | 778.5 | 118.0 | 1410.0 | 572.3 | 12054 | 4713 | 2249.0 

Grand average 14.3 21.6 3.3 39.2 15.9 33.5 13.1 62.5 
per plant ....... 






































TABLE V—1l 


DATA SHOWING AMOUNT OF DRY MATTER IN leaves OF PLANTS GROWN IN BORON-DEFICIENT 
SOLUTIONS AND IN SOLUTIONS TO WHICH BORON WAS ADDED 


JOHNSTON AND DORE—TOMATO PLANT 





Group A (BORON | 











DEFICIENT) | ALCOHOL INSOLUBLE | ALCOHOL SOLUBLE TOTAL 

| gm. per cent, | gm. per cent. | gm. 

1- 6 7.62 | 64 | 4.32 36 | 11.94 

7-12 | 7.22 62 | 441 38 11.63 

13-18 6.72 * * * * 

19-24 | 696 | 61 | 4.39 39 11.35 

25-30 | 668 | él | 427 39 10.95 

31-36 | 7.06 | 61 | 4.57 39 11.63 

Average per plant... | 1.17 | 62 | 0.73 38 1.91 
Group B (boron | | 
0.55 ppm.) | 

1- 6 8.40 69 i. 98 31 12.12 

7-12 8.93 70 = 30 12.67 

13-18 9.11 69 4.12 31 13.23 

19-24 | 9.84 69 | 4.49 31 | 14.34 

25-30 9.41 70 | 3.96 30 | 13.37 

31-36 8.82 69 3.96 31 12.78 

Average per plant... | 1.51 69 0.67 31 2.18 











* Results not determined because alcohol-soluble material of these leaves was lost 


from a broken flask. 


TABLE V—s 


DATA SHOWING AMOUNT OF DRY MATTER IN stems OF PLANTS GROWN IN BORON-DEFICIENT 
SOLUTIONS AND IN SOLUTIONS TO WHICH BORON WAS ADDED 





| ORIGINALLY ALCO- 








ye canting ALCOHOL ALCOHOL HOL SOLUBLE BUT T 
DEFICIENT ) INSOLUBLE SOLUBLE SUBSEQUENTLY Oral, 
PRECIPITATED 
gm. per cent.| gm. | per cent. gm. | per cent. gm. 
1-18 | 21.32 | 65.0 | 344 | 021 | 0.6 32.79 
19-36 | 19.99 | 65.7 | 10.34| 34.0 0.08 | 0.3 30.41 
Average per plant | 1.15 | 65.35 | 0.60| 34.2 0.01 | 0.45 1.76 
ge per p | 
Group B (boron 
0.55 ppm.) 
1-18 32.18 | 66.4 15.84 32.7 0.45 0.9 48.47 
19-36 | 34.61 | 64.7 | 18.41 34.4 0.45 0.8 53.47 
Average per plant| 1.86 | 65.5 | 0.95| 33.6 0.02 0.9 2.83 
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TABLE V—r 


DATA SHOWING AMOUNT OF DRY MATTER IN roots OF PLANTS GROWN IN BORON-DEFICIEN1 
SOLUTIONS AND IN SOLUTIONS TO WHICH BORON WAS ADDED 











Group A | | 








(BORON DEFICIENT) ALCOHOL INSOLUBLE | ALCOHOL SOLUBLE | TOTAL 
gm. per cent. | gm. per cent. gm. 

1-18 3.96 81.5 0.90 18.5 | 4.86 

19-36 4.17 81.9 0.92 18.1 5.09 
Average per plant................ 23 81.7 0.05 18.3 0.28 

Group B (boron 0.55 ppm. ) 

1-18 13.29 84.2 2.50 15.8 15.79 

19-36 13.41 83.3 2.68 16.7 16.09 
Average per plant............... 0.74 83.8 0.14 16.3 0.88 





of plant sap are soluble in alcohol, these results immediately suggest that 
there are significant differences in the active mobile constituents of the two 
groups of plants; while the insoluble constituents, which include the frame- 
work constituents of the plant, are much alike in the two groups. As will 
be shown later, this is the situation which actually exists. 

In table VI data are presented which show the water content of leaves, 
stems and roots as related to the green and dry weights of plants grown in 
boron deficient solutions and in solutions containing boron. The weight 
measurements are expressed in grams and represent the total weight from 6 
plants in the case of leaves and from 18 plants in case of stems and roots. 
In the discussion of table IV attention was called to an apparent decrease 
in water content in plants of group A. In table VI such a decrease is 
apparent for leaves of plants in group A harvested during the warm part 
of the day namely, plants numbered, 7-12, 19-24 and 25-30. However, 
if the water content of the leaves of each group is compared with the dry 
weight values, the ratio of water per unit of dry matter is found to be fairly 
constant throughout the day. On the other hand, these ratio values for 
leaves of plants in group B fluctuate quite regularly with the periods of 
the day during which they were harvested. It must be concluded from 
the data in this table that leaves of the normal tomato plants (group B) 
showed a tendency to lose water toward midday, while those in the boron 
deficient group maintained practically the same water-dry weight ratio 
values throughout the day. Actual observation of the plants as they were 
harvested bears this out. The leaves of plants 7 to 30 of group B that 
were collected during the middle of the day were wilted. Leaves of the 
other plants of this group, 1 to 6 and 31 to 36, which were collected in early 
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TABLE VI 
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DATA SHOWING THE WATER CONTENT OF LEAVES, STEMS AND ROOTS OF PLANTS GROWN IN BORON 


DEFICIENT SOLUTIONS AND IN SOLUTIONS TO WHICH BORON 








Group A (BORON DEFICIENT ) 


WAS ADDED 


GrouP B (BoRON-0.55 PPM.) 














WATER WATER 
Conronas GREEN | Dry ‘edie GREEN Dry Wie Fan 
WEIGHT WEIGHT oe WEIGHT | WEIGHT 5 lie 
| | WEIGHT WEIGHT 
gm. | gm. gm. gm. gm. gm. gm. 
Leaves 1-6 92.0 11.94 6.71 94.0 12.12 81.88 6.76 
7-12 87.0 11.63 6.48 91.2 12.67 78.53 6.20 
13-18 > > 94.6 13.23 81.37 6.15 
19-24 85.8 11.35 6.56 100.0 14.34 85.66 5.97 
25-30 83.2 10.95 6.60 97.3 13.37 83.93 6.20 
31-36 87.9 11.61 6.57 95.2 12.78 82.42 6.45 
Average per plant 14.5 1.91 6.57 15.9 2.18 13.72 6.29 
Stems 1-18 390.8 32.79 10.92 578.9 48.47 530.43 10.94 
19-36 387.7 30.41 11.75 626.5 53.47 573.03 10.72 
Average per plant 21.6 1.76 11.33 33.5 2.83 30.65 10.83 
Roots 1-18 59.2 4.86 11.2 244.1 15.79 228.31 14.5 
19-36 58.8 5.09 10.6 227.2 16.09 211.11 13.1 
Average per plant 3.28 0.28 10.9 13.09 0.88 12.2] 13.8 




















broken flask. 


* Results not determined because alcohol soluble material of these leaves was lost from a 


morning and late evening were not wilted. From the work of RENNER 
(12), Livineston and Brown (11), Livineston (10), Jounston (6) and 
others, such a diminution in water content is to be expected during the 


day in normal healthy plants. 


An interesting point to be mentioned is that 


none of the leaves from plants in group A was severely wilted at any time. 
On a priori reasoning alone it might be concluded that either the water 
absorbing and conducting tissues of the boron deficient plants were entirely 
adequate to supply water to the leaves as fast as lost by transpiration, or 


that the structure of the leaves was such as to greatly retard water loss. 


There is but little difference to be noted in the average dry weight of 


leaves per plant of the two groups. 


the dry weights of the stems and roots of the plants of these groups. 
average dry weight of stems of the normal plants was approximately 1.6 as 


great as the stems of the boron deficient plants. 


A more striking difference is seen in 
The 


The most striking differ- 


ence between the boron deficient plants and the normal ones occurs in the 


root development. 





Roots of the normal plants are practically three times 
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as great when dry weight is used as the criterion of measurement. Poor 
root development is apparently a definite characteristic of boron deficient 
plants since it has been observed in other plants by other investigators. 

Table VII presents data showing the composition of aleohol-soluble 
matter in plants grown in boron deficient solutions and in solutions to 
which boron was added. These values are expressed as percentages of 
total dry matter in the leaves, stems and roots respectively. The leaves 
of the boron deficient plants have in every case a much higher content of 
reducing sugars and of total sugars than the corresponding normal plants. 
With but one exception the same relationship holds for their sucrose con- 
tent. The total sugars in the leaves of the normal plants increase as the 
day advances to a maximum in the late afternoon. The total sugars in the 
leaves of the boron deficient plants likewise rise to a maximum in the late 
afternoon, but unlike the normal plants, the total sugars do not drop off 
in the early evening hours. In this respect the boron deficient plants show 
distinctly abnormal behavior, the significance of which will be discussed 
later. 

The stems of the boron deficient plants have lower contents of reducing 
sugars and total sugars than the stems of the normal plants, the relation- 
ship being the reverse of that found in the leaves. The meaning of this 
will also be discussed later. The relationships in the roots are similar to 
those in the leaves; the boron deficient roots have much higher contents of 
reducing sugars, sucrose and total sugars. 

Another very striking difference between the plants of the A and B 
groups exists in the percentages of benzene-soluble matter. This material 
occurs more abundantly in the leaves of the normal plants and in the stems 
of the boron-deficient plants. The values for the roots are practically the 
same. This benzene-soluble matter may include chlorophyll, fats, sterols 
and lipins. Unfortunately we have not found it practicable as yet to under- 
take a thorough study of this material. 

The analytical data showing the composition of the alcohol-insoluble 
matter of these plants are given in table VIII. These data are likewise 
expressed as percentages of total dry matter for each of the plant tissues 
studied. Perhaps the most striking difference is the greater starch content 
of all the parts of the boron-deficient plants. The hemicellulose is likewise 
somewhat greater in the leaves of group A plants, but slightly less when 
the stems are compared. Galacturonie acid gives somewhat higher values 
for the leaves of group B plants. It is doubtful if the other values are 
significant. Cellulose is slightly higher in the leaves and stems of the 
normal plants. 

The analytical data presented in tables VII and VIII have been sum- 
marized in table IX. For the leaves, the outstanding differences between 
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the two groups are their sugar, benzene-soluble matter and starch content. 


Somewhat similar differences appear in the stems, but the order is reversed 


for total sugars and benzene-soluble matter. 


Sugars formed in the leaves 


In the boron- 


are, under normal conditions, transported to the stem. 














‘SON[BA IoYJO JO OSvAVAY ‘“YSUP UoHOIG BV WOAJT JSOT SUM SOAVET OS9Y} JO [VLId}VUT [QNTOS-[OYOo[e OsSNBdEq PoUTULBJOp JOU S}[NSeY , 





| 
| 


















1 | | | 
9L°8T | TS°3L 63'0T | 89°9 20 ..} Pee 98°8T SF FT ae or9 =|) 860 Fe te ued 
tod o8visay 
crst | 16% OOTT 92°9 £10 FST 99°FT L6°0T [eT 618 9€-6T 
Loot | L'3r €F'6 09°9 FEO 8o°sT O08 FI 90°ST c9°0 oT8 8I-T 
| 81007 
60°SS co"s LETTE gs°s CPT 9°S9 Gels 08°S Le°Ir GL’t oFS PSO qgueyd 
rod o8visay 
SSS 80°S OOTT coc €9°T L’t9 80°SS 69 TT cor FOS L°g9 9-61 
O9' FS [09 6a Ll bL’S Lo T 99 LS°06 SO'TI 8L°t 08°S 0°¢S9 8I-T 
sula}g 
68°IT OLT 0S°6 88'T T¥'8 69 TROL OFT 88 co"s €0°ST 69 yuu 
iad o8vs90ay 
6S°ST L0G 6F OL Sel 88°6 69 816 Le 88°6 To°s PFSI 19 9€-Té 
92°OT 96°T SOL 60° Ts"or OL 0€'6 Te La°6 6E°C 19 TL 19 0€-SS 
Isr 8e'T L0°0I Sel 68°8 69 6S'OL 6F'T PRL PPS | T9TT T9 Fs-61 
#601 CFT ce'or 8's L9°L 69 g6TI 19° 9¢°g 8e°S I9'Tl «39 SI-€1 
SOC 8o'T F6'6 LOG LUL OL €8°6 oT 689 Eo°G SOI 69 6I-Z 
6F'ST 9L°T PI'S O's 60'9 69 TL TL 99°T Ge'8 L0°¢ C8°sT +9 ea 
| | SdA BOT 
EE RA A ow an a MTs | =" Dee 
YaALLVIN WALLVN 
am " aqioyv | asoT . , alov aSOT 
Peso poem ono «=| -aTtao | HOUVEg | - aia 6 panel | pn OINOU -A1Ta9 «=| HOUVEg eel 
a Pi Tar 2 ‘ vr ” - : b. 
ALOVIVD | -INGH | -N0HOOTY | | ALOVIVH | -INTH -toHoory | 8240109 
(‘Ndd GG’ NOUOd) gq aNOAD (LN@IOlMad-NOwOd) YW dnouy 








ATAALLOAMSAY SLOOU UNV SWALS ‘SAAVAT 
40 WALLVNW AUC ‘IVLOL dO SADVINGOUAd SV GASSTUdXA FDUV VIVd ASGH]T, “CAddV SVM NOYWOE HOIHM OL SNOLLATOS 
NI GNV SNOILON1IOS LNAIOMAG-NOYOd NI NMOUD SLNVId JO SLOOY UNV SWALS ‘SHAVAT NI YALLVN ATANIOSNI-IOHOOTV dO NOLLISOdNWOO DNIMOHS Vivd 


IIA WIV 















JOHNSTON AND DORE—TOMATO PLANT 49 


deficient plants the sugars accumulated because of the apparent inability 
of the conducting tissues in these plants to translocate them. These data 
for the stems show that in the normal plants with uninjured phloem tissue 
the sugars pass into the stems and being able to continue further in these 
stems very little is condensed to starch. On the other hand in the stems 
of the boron-deficient plants with their injured conducting systems, the 
sugars cannot be moved so rapidly and are condensed to starch. 


TABLE IX 


SUMMARY OF ANALYTICAL DATA OF TOMATO PLANTS EXPRESSED AS PERCENTAGES OF TOTAL 
DRY MATTER OF LEAVES, STEMS AND ROOTS RESPECTIVELY 











LEAVES STEMS 








AMOUNT OF BORON ADDED | Roots = 
TO NUTRIENT SOLUTION | rm B A B A B 
my | 0.00 | 0.55 | 0.00 | 0.55 | 0.00 | 0.55 
Reducing sugars (hexoses)... | 8.18 3.83 5.32 8.70 | 2.24 1.07 
ROE tr terremcctnate 3.31 1.34 3.13 2.89 2.07 1.54 
TE: WEI ac staiesersscsoesearte | 11.50 5.16 8.45 11.59 4.30 2.61 
Benzene soluble matter ........... | 9.63 13.03 3.39 1.74 | 4.07 4.67 
I cece sccccra cote stan 8.41 5.42 1.45 | 0.98 0.24 
Hemicellulose uu... | 2,55 1.88 4.72 5.85 6.70 . 4 6.68 
Galacturonic acid oe 8.38 9.50 11.37 13.33 11.52 10.22 
Lignin and suberin .................. 146 | 1.70 5.80 5.55 14.48 12.81 
Celislose | 10.41 11.89 21.32 25.02 18.36 18.76 





A very striking characteristic of the boron-deficient tomato plants is the 
extreme brittleness of the petioles and mid-ribs. This brittleness is perhaps 
best described as similar to the breaking of a piece of cheese. It is entirely 
unlike the breaking of a turgid tissue or stem. Because of this peculiar 
characteristic, it was suspected that pectic substances were absent, or at 
least less abundant, in the middle lamella of the boron-deficient plants. 
Absence of a cementing substance between the ells might be the reason 
for such brittleness. At the suggestion of Prof. J. H. Priestley, microscopic 
examinations were made using the customary pectin stains but no distinet 
differences could be observed between sections from normal and from boron- 
deficient plants. The galacturonic acid determinations given in table VIII 
are not significantly different for the two groups, and when these figures 
are calculated to the basis of alcohol-insoluble dry matter (a more com- 
parable basis, since the fluctuating soluble constituents are eliminated) the 
difference between the two groups is so slight as to fall within the experi- 
mental error of the determination. It is apparent that neither the micro- 
chemical observations nor the galacturonic acid determinations support the 
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theory that brittleness is due to a deficiency of pectic material. <A special 
experiment was therefore carried out for the purpose of obtaining enough 
leaf material for pectic analysis. 

This experiment was made at the University of Maryland. On 
November 1, 1927, young tomato seedlings were set out in two-quart culture 
jars. The cultures were divided into three groups, a single plant per 
culture. All the solutions were similar with the exception of their boron 
content. To group A no boron was added. Groups B and C contained 
0.011 and 0.55 ppm. respectively of boron as boric acid. At the end of six 
weeks the leaves were cut from the plants at the base of the leaf blade. 
It is unfortunate that the petioles were not included in the samples, but 
since the mid-rib shows the same characteristic brittleness as the petioles, 
not a great deal of additional information would have been obtained by 
including the petioles. The pectic materials’ were determined by the gen- 
eral methods described by Conrap (4) and by APPLEMAN and Conrap (1). 
The data are presented in table X. 


TABLE X 


DATA SHOWING RELATION OF BORON TO PECTIC MATERIALS IN TOMATO LEAVES EXPRESSED 
AS PERCENTAGE OF THEIR DRY WEIGHT 








AMOUNT OF BORON ADDED TO 








NUTRIENT SOLUTION (PPM.) oe wens a8 
Os a : 0.00 | 0.00 | 0.00 
Pectic acid and pectates . 0.00 0.00 0.00 
reese one i 6.98 6.54 5.85 
Reducing sugar . aire * 5.42 4.51 4.11 
es EES SED 0.22 0.31 0.50 
I IE sisi 5.64 4.82 4.61 








So far as pectin, pectic acid and pectates are concerned no measurable 
quantities were found in any of the groups, even though the boron deficient 
plants were characteristically brittle. The leaves of plants supplied with 
0.55 ppm. boron showed somewhat less protopectin than the leaves of group 
A. It must be concluded from the evidence here presented that the brittle- 
ness is due to something other than pectic materials. It is interesting to 
note that the total sugar analyses follow in general the results obtained in 
the California experiments. 


Growth data 


The first boron experiment conducted at Maryland was outlined for the 
purpose of comparing the growth of two different varieties of tomato plants 


1 The analyses in this experiment were made by Dr. C. M. Conrad. 
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in water cultures of three concentrations of boron, 0.0, 0.011 and 0.55 ppm. 
Each of the six groups was composed of 20 cultures of one plant each. The 
experiment covered the period from September 10 to October 22, 1927. 
The average data per plant of each group are presented in table XI. 


TABLE XI 


DATA SHOWING WEEKLY HEIGHT (CM.), TOTAL TRANSPIRATION (CC.) AND GREEN AND DRY 
WEIGHTS (GM.) EXPRESSED AS THE AVERAGE PER FLANT PER EACH GROUP 





WEEK ENDING PLANT GROUPS 








1927 | A | . 2 | . C e 
| | 

cm. com. cm. | cm. cm. cm. 

September 17.0.0... 2.5 2.8 Si °-4 3.3 3.0 3.3 
RRS 4.2 4.4 6.5 6.7 6.3 6.8 

October | Ba oe 7.4 5.8 14.3 13.2 14.2 13.7 
PO SEH 13.0 10.0 28.1 24.6 29.2 26.0 

ee case 17.3 13.3 29.2 27.1 35.8 31.6 
 SEROOREE, 19.6 17.0 29.3 27.5 41.4 36.5 

ce. ce. cc, ce. cc. cc. 

Transpiration 380 253 1565 1389 2085 2033 
Green weight | gm. gm. gm. gm. gm. gm. 
Ee es. 15.6 11.6 43.8 40.5 50.9 48.6 
I ceca 2.7 2.3 10.7 10.6 18.9 19.4 
| RR Saas 18.3 13.9 54.5 51.1 69.8 68.0 

Dry weight 

Rene hres 1.32 0.95 4.20 3.89 4.79 4,29 
EN Pe 0.14 | 0.11 0.69 0.67 1.35 1.31 
NE cota 1.46 1.06 4.89 4.56 6.14 5.60 





Note: A, B, C; Santa Clara Canner; a, b, c, Marglobe. 
A, a, No boron added to solutions. 
B, b, 0.011 ppm. boron added as borie acid. 
C, ¢, 0.55 ppm. boron added as boric acid. 


The first boron-deficiency signs were noted in groups A and a on 
September 19, only nine days after the seedlings were set out in the cul- 
ture jars. Four days later the cotyledons and leaves were a distinct pur- 
ple in color. In all probability this color was due to anthocyan, which is 
frequently associated with an excess sugar accumulation. Such an excess 
was found in the California experiments and later to a less degree at Mary- 
land. The indications were that the conducting tissues were either de- 
stroyed or never properly developed in these plants. 

The height measurements at the end of the first week indicate some 
injury to plants of groups A and a, and by the end of the second week little 
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doubt can be held as to the falling off in their rates of stem elongation. In 
groups A and a the terminal shoot soon died. This brought about a very 
peculiar form of growth. One, and often several lateral shoots developed 
in a manner illustrated in figures 3 and 4. The dead terminal shoot is 
clearly seen in figure 3. Attention is also directed to the swollen condition 

















Fic. 3. Photograph showing a boron-deficient tomato plant, with dead terminal shoot 
and lateral shoot greatly thickened at its base. 


of the new shoot at a point just above the place where it joins the main stem. 
It would appear as if reserve food materials were accumulating at this 
point because of the inability of the conducting systems to transport them 
down the main stem. 
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A comparison of the two varieties shows Santa Clara Canner somewhat 
superior to Marglobe when stem height, and green and dry weights are 
used as growth criteria. Each variety was equally susceptible to boron- 
deficiency injuries and for such studies either one may be used. The data 














Fic. 4. Photograph showing a boron-deficient tomato plant in which a number of new 
shoots have arisen below the dead terminal shoot. 


of table XI show another interesting point. The values for groups B and b 
at the end of the experiment are between those for groups A, a and C, ¢ in 
every case. Indications are that boron has a quantitative effect. With 
0.011 ppm. boron in the nutrient solution, growth could take place at a 
rate similar to that where 0.55 ppm. was used, but only up to a certain 
point. From this point the inadequate supply of boron became the limiting 
factor. This is quite clearly shown in the weekly height measurements. 
Practically no difference in height existed on October 1 between groups 
B and C, and b and ec. One week later, B and b plants showed signs of 
retarded growth and by October 22 there was no question as to their 
inferiority when compared with the plants of groups C ande. This differ- 
ence in stem heights is shown in figure 5. In a similar experiment carried 
out a little later in the year under slightly less favorable growing conditions 
practically the same results were found. Representative plants from the 
three groups in this experiment (boron added to solutions were 0.0, 0.011, 
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Fie. 5. Photograph showing tomato plants growing in similar solutions with the excep- 
tion of the boron concentration. Left, without boron; center, 
0.011 ppm. boron; right, 0.55 ppm. boron. 


0.55 ppm.) are shown in figure 6. The growth curves of groups A, B, C, 
for which data appear in table XI are presented in figure 7 and perhaps 








Fic. 6. Photograph showing tomato plants growing in similar solutions with the excep- 
tion of the boron concentration. Left, without boron; center, 
0.011 ppm. boron; right, 0.55 ppm. boron. 
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show to a better advantage the quantitative effect of boron on stem 
elongation. 

Another experiment was carried out with the purpose of growing plants 
for a period of 6 weeks in a solution supplied with boron, then changing 
to a boron-deficient solution, and also, to grow other plants in a boron- 
deficient solution and then change to a solution containing boron. This 
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Fic. 7. Average height (cm.) of tomato plants grown in nutrient solutions deficient in 
boron and in solutions to which 0.011 and 0.55 ppm. boron had been added. 
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experiment was performed at Maryland with the Marglobe tomato. The 
plants were grown from November 1 to December 13 without changing 
the nutrient solutions. They were then grown for four more weeks after 
the proper changes had been made. The data of this experiment are pre- 
sented in detail in table XII. At the end of 6 weeks distilled water was 
added to cultures whose solutions were not changed. All culture jars were 
of the two quart size with one plant per culture. 


TABLE XII 


DATA SHOWING AVERAGE HEIGHT (CM.) AND FINAL GREEN AND DRY WEIGHTS (GM.) OF 






































TOMATO PLANTS GROWN IN NUTRIENT SOLUTIONS TO WHICH BORON HAD 
AND HAD NOT BEEN ADDED AT THE BEGINNING OF THE EXPERIMENT 
AND AFTER 6 WEEKS. AMOUNT OF BORON ADDED IS 
SHOWN IN PARENTHESIS AS PPM. 
PERIOD ENDING (0.55) (0.55) (0.0) (0.0) 
92 ay ai . waa! F atti o> scat 7 Pee 
1927 em. em. em. em. 
November 8 ......cccccscssnen 2.5 2.4 2.1 2.4 
15 4.7 4.4 4.4 4.6 
oo 7.5 7.0 7.3 7.5 
29 .... 13.6 12.4 13.2 13.4 
December  6............ 17.8 16.1 17.5 17.9 
cu, 24.9 22.9 20.3 21.0 
. . ae 1 i ete No o Bs ss -- No 
Solutions renewed with (0.0) | (0.55) onisaneed (0.0) (0.55) vemeanel 
cm a ie em ° “em. cm. cm. cm. 
December 20........ 29.8 30.7 28.8 20.7 22.4 21.3 
26 ... 33.2 35.1 31.7 21.9 24.3 21.3 
1928 
SaGeey = Bin 38.8 42.8 35.6 21.6 28.6 213 
Biase coisa aoe 41.8 50.0 39.8 21.8 31.8 21.2 
pee Se ee Ree ee ree 
Number of plants in a a 5 
GR so. . ’ 10 “ ? 10 
Green weight gm gm. gm. ; gm. gm. gm. 
23 SaaS eae berene 63 66 52 34 49 22 
Roots 13 15 18 a 13 5 
Total 76 81 70 38 62 27 
Dry weight 
| BEMESERSrei bse 6.9 76.1 5.8 3.6 5.0 3.1 
NII Socccrccentonssorcetee 1.3 1.8 1.5 0.3 1.0 0.3 
IE iiciciciabAcccaannaie 8.2 | 9.4 7.3 3.9 6.0 3.4 





The upper part of table XII shows the average height per plant in each 
group on the dates indicated in the first column. 


For the first six weeks 
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little variation can be seen between the plants of the first two groups each 
receiving 0.55 ppm. boron. Likewise little difference exists in the height 
of the plants of the two groups receiving no boron for this same time period. 
The plants of the latter two groups are slightly shorter on December 13 
than those of the first two groups, but no significant differences can be 
detected on December 6, one week earlier. On December 13, the first and 
third groups were divided, thus making six groups. The treatments are 
indicated in the line between the dates December 13 and 20 of the table. 
As shown in the observation of January 10, four weeks after these changes 
were made, the effect of boron on stem elongation is very interesting. The 
average height of plants of group one, receiving no boron, is approixmately 
8 em. less than their controls. The original second group in which no solu- 
tions were renewed but which originally contained 0.55 ppm. boron has 
practically the same stem height value as the first half of group one. It 
thus appears as though a deficiency of boron were the limiting growth factor 
rather than a deficiency of any other element originally contained in the 
solution since all the elements of solutions in group one were renewed on 








Fic. 8. Photograph showing tomato plants grown for six weeks in given concentra- 
tions of boron, then changed to other concentrations for a period of four weeks. The 
following treatments were used (reading from left to right): No boron and no renewal 
of solution; no boron, but solution renewed; no boron, then solution renewed plus 0.55 
ppm. boron. } 
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December 13 and only distilled water added to cultures of the original 
second group. The green and dry weight data shown in the lower half of 
the table bring out this point but to a less extent. Turning now to the 
second part of the table, the groups originally receiving no boron, it will be 
noted that after six weeks of growth without boron the plants receiving 
boron for the last four weeks started to grow. By January 10, four weeks 
later, the plants in the second half of group four were 10 em. taller than 
their controls. Both green and dry weight also indicate a remarkable 








Fig. 9. Photograph showing new leaf growth in tomato plants after they had been de- 
foliated. All solutions were similar with the exception of their boron content. 
Reading from left to right: No boron; 0.011 ppm.; 0.55 ppm. 


increase in growth due to the action of the boron added to the nutrient 
solution. 

This renewal of growth when the plants have not been deprived of boron 
for too long a period is shown in figure 8. The plants here shown are rep- 
resentative ones taken from groups receiving the last three treatments indi- 
eated in table XII. This remarkable influence exerted by boron on growth, 
especially on the formation of new cells in the growing points was observed 
in connection with the experiment from which data on the pectic materials 
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were obtained. After the leaves had been removed for analysis the defoli- 
ated plants were left standing in their respective culture media for four 
weeks. After this period it was observed that no new shoots had appeared 
on the plants of the boron-deficient solutions while new shoots and leaves 
were abundant on the plants in the group treated with 0.55 ppm. boron. 
The intermediate group of plants, those receiving 0.011 ppm. boron, con- 
tained a few new shoots and leaves. Figure 9 illustrates the appearance 
of representative plants from each of these three groups. 


Discussion 


The evidence presented by plant physiologists in recent years is such 
that boron must be regarded an essential element for the growth and normal 
development of many of the higher plants. As yet the exact function of 
this element is not known. To speak of it as stimulating in small concen- 
trations and as toxic in larger concentrations means little as to its funda- 
mental physiological relation to the plant. Toxicity is a matter of relative 
concentrations in the presence or absence of other substances. Even the 
“‘old’’ nutrient elements are toxic under certain conditions. The authors 
are in agreement with SommMeR AND LipMAN (14) that to speak of the 
catalytic effect of an element merely expresses in other language ignorance 
in respect to its actual function. 


BRENCHLEY (2) states, ‘‘The old ‘nutrients’ had certain definite char- 
acters in common, in that they were essential to plant growth, the growth 
being in a great degree proportional to the supply, a relatively large amount 
of the nutrients being not only tolerated but necessary. . . . Even those 
that cause increased growth or that may be essential for nutrition (boron) 
are not required in such quantities as potassium, phosphorus, nitrogen, etc., 
while there is no evidence that growth is proportional to supply.’’ It is 
true that boron cannot be used in quantities nearly as great as potassium, 
phosphorus or nitrogen, yet in these experiments with the tomato there is 
evidence of a quantitative relationship between growth and the amount of 
boron supplied. Reference to table XI and to figures 5, 6 and 7 clearly 
show a difference in growth where 0.011 and 0.55 ppm. boron were used. 

Sommer (13) found in her work with monocotyledonous plants such 
as corn, abnormal tillering as well as withering of the growing points of the 
tops. This interesting growth formation is no doubt related in some way 
to the peculiar growth forms (see figure 4) produced in the tomato after 
the growing points of the stems died. Apical dominance enters the problem 
at this point. As soon as the influence of the terminal shoot on the develop- 
ment of lateral buds is removed, these lateral buds begin their growth. 
Such dominating influence can be eliminated by removing the terminal 
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growing point; it amounted to the same thing in the tomato when the 
terminal shoot died from a cause attributed to boron deficiency. On a priori 
reasoning the abnormal tillering of corn in SOMMER’s experiments may in 
part be explained as a pruning effect; at least there is an interesting simi- 
larity in the behavior of these two widely different plants. 

Although extremely small quantities of boron are essential to the tomato 
plant this element must be supplied constantly. There is apparently no 
reserve built up in the plant for future growth since plants grown for six 
weeks in solutions containing boron and then grown in boron-deficient 
solutions soon showed characteristic symptoms of boron-deficient injuries. 
This is apparent from the data given in table XII and is in agreement 
with WARINGTON’s (17) statement, ‘‘The fact that boron can be detected 
in the stem, leaves, and pods of the broad bean implies that the element 
becomes distributed throughout the plant after absorption; and further, 
the need for the supply of boron to be maintained during the life of the 
plant indicates that the initial reserve of the element in the seed is insuffi- 
cient for the needs of the plant, and that it is in some way fixed and not 
in a state of circulation.’’ 

A vital relationship exists between boron and the conducting tissues of 
the tomato. If boron is essential for cell division as seems to be the case 
in the meristematic tissue of growing points, its presence is just as much 
needed in the cambium cells where phloem and xylem tissues are forming. 
These are the tissues which together with the tip of the stem show greatest 
injury from a deficiency of boron. Both the chemical analyses and macro- 
scopic observations indicated a failure on the part of the boron-deficient 
plants to remove sugar from their leaves. “his is apparently related to the 
broken down condition of the conducting tissues. Microscopie examinations 
of the petioles and stems of boron-deficient plants showed phloem necrosis. 
These general observations are in agreement with the anatomical studies of 
WarINnGTON (17) on Vicia faba grown in boron-deficient solutions. 

At first it was thought the characteristic brittleness of stems and petioles 
of boron-deficient plants was in some way associated with pectic materials. 
The experimental data, however, fail to substantiate such a theory. The 
observation by BRENCHLEY (2) that boron occurs most abundantly in bark 
and lignified parts, suggests that brittleness may be related to a lack of 
proper lignification. No conclusions upon this point appear possible from 
the lignin-suberin values which we have obtained. 


Conclusions 


The conclusions drawn from a series of water culture experiments car- 
ried out at the Universities of California and Maryland with two varieties 
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of tomato, Santa Clara Canner and Marglobe, may be summarized as 
follows : 

1. The element boron in a concentration of approximately 0.5 ppm. was 
found necessary for the normal growth and development of the tomato 
plants studied. 

2. Tomato plants grown in boron-deficient solutions show four distinct 
types of injury; (a) death of the terminal growing point of stem; (b) 
breaking down of the conducting tissues in the stem; (¢) a characteristic 
brittleness of stem and petiole; and (d) roots of extremely poor growth 
and of a brownish unhealthy color. 

3. As a result of broken down conducting tissues the boron deficient 
piants differed markedly from normal plants in their chemical composition. 
Total sugars and starch were more abundant in the leaves and stems of the 
boron-deficient plants while a greater amount of benzene-soluble matter 
was found in the leaves of the normal plants and in the stems of the boron- 
deficient plants. 

4. Evidence is presented which shows the possibility of a quantitative 
relationship existing between the amount of growth and the amount of 
boron present in the nutrient media. 

5. A concentration of 5.5 ppm. boron in the nutrient solution was toxic 
to the tomato plants. Symptoms of boron toxicity are quite different from 
deficiency injuries. 

The writers wish to acknowledge their indebtedness to Director H. J. 
PatTERsoN of the University of Maryland Agricultural Experiment Station, 
to the Division of Plant Nutrition, University of California and to a grant 
from the American Potash and Chemical Company for funds which made 
it possible to carry on these cooperative experiments. Special acknowledg- 
ment is due to Professor Hoacuanp for his valuable advice and criticism 


throughout the investigation. 
THE UNIVERSITY OF MARYLAND, 
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RELATION BETWEEN TOP AND ROOT SIZE IN 
HERBACEOUS PLANTS* 


JOHN W. CRIST AND G. J. STOUT 


In his Treatise on the Physiology of Plants Soravrr affirms that the 
plant must not be looked upon as an unchangeable organism, restricted to 
a definite form, but as being plastic, capable of further modification in any 
of its parts; its usual shape being susceptible to alteration, within certain 
limits, as if it were made of wax. This principle has been substantiated by 
the practical gardener, who, besides seeking to grow herbaceous plants in 
situations to which they are the best adapted by nature, often endeavors to 
cultivate them successfully in special localities, and, in all localities, seeks 
to render them more useful to his purposes. 

Perhaps chief among the attempts of the gardener at altering normal 
physiological functions and interfering with the ordinary course of devel- 
opment is that of remodelling certain plants with respect to the relative 
size of top and root. His success in this effort has been remarkable; so 
much so that there might seem to be an attainable ‘‘ideal balance’’ between 
size of top and root for every particular desire or necessity. However, the 
limits mentioned by SorAvER must exist, making it impossible to proceed 
beyond a certain point with a given species, and also rendering it likely that 
even within the limits set by nature, increasing or decreasing the normal 
development of either top or root in order to favor the other part may result 
in danger to the plant as a whole except this be attempted by persons who 
thoroughly understand the plant and its conditions of life and vigor. Obvi- 
ously, the aerial and subterranean portions of a higher land plant are mutu- 
ally dependent, since the roots furnish the raw nutrients and water obtained 
from the soil and often serve as places of storage, while the tops supply the 
elaborated organic compounds essential for growth. It is of practical sig- 
nificance and also of considerable scientific interest to determine the nature 
of this relationship, or, more specifically, to determine how much variation 
in this state of reciprocity occurs naturally, and how much may be induced 
experimentally. 

Literature 


Interest in the proportionate size of the top and root of the plant is of 
long standing. The following quotation is from the ancient writings of 
Varro (7): ‘‘In autumn and winter the roots develop more than does the 
leaf of the plant because they are nourished by the warmth of the roof of 


* Published as paper no. 6 (n.s.) from Agricultural Experiment Station of Michigan 
State College. 
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earth, while the leaf above is cut down by the frosty air. We can learn 
this by observation of the wild vegetation which grows without the inter- 
vention of man, for the roots grow more rapidly than that which springs 
from them, but only so far as they are actuated by the rays of the sun. 
There are two causes of the growth of roots, the vitality of the root itself 
by which nature drives it forward and the quality of the soil which yields 
a passage more easily in some conditions than in others.”’ 

These early observations have been followed in more recent times by 
numerous experimental studies on the relation of top and root size, use 
having been made of many different species and varieties of herbaceous 
plants. A chronological review of the literature shows by way of generali- 
zation that there has been an increasing tendency to seek the causes under- 
lying variations in relative growth of top and root, and also to subject the 
data obtained to more complete mathematical analysis and interpretation. 
These trends at their highest present points are exemplified in reports such 
as those made by WEAvER (9), WEAvER and his associates (8), TURNER (6) 
and PrarsaLu (3, 4), the latter having concluded that the relative sizes 
of plant organs conform to the equation X = CY“, where X and Y are the 
sizes of the organs, C is a constant expressing their relative sizes, and 
indicates the ratio of their relative logarithmic growth rates and the spatial 
arrangements of their meristems. Obviously, this formula sets forth the 
relationship that the logarithm of stem weight is directly proportional to 
the logarithm of root weight. When the two time-series of logarithms are 
plotted against each other the result is a straight line. 

In general, the available experimental evidence leads to the conclusion 
that herbaceous plants exhibit specific and varietal differences with respect 
to relative development of top and root under uniform environal conditions. 
However, few if any of the many types are non-plastic, that is, do not 
react to environmental changes by way of showing variations in the relative 
sizes of aerial and underground parts. The more intensive studies, par- 
ticularly those made on growth rates, indicate that though variation occurs 
there is a persistent tendency towards positive correlation. The present 
writers have not examined growth rates but have obtained final weights on 
the tops and roots of lettuce, radish and tomato plants from a number of 
different experiments and have treated the data as shown later. 


Methods of procedure 


EXPERIMENTAL 


In some of the experiments to be reported the plants were grown in 
greenhouse flats; in others in flower pots of different sizes. "Whether grown 
in flats or pots the containers were set on boards to prevent the exit of the- 
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roots. Where pots were used, these were set on the bottom of the green- 
house bench and buried to their rims in moist sand. Any objection to the 
confinement of the roots in such containers can be met by the statement that 
this was simply one of the conditions under which top-root relations were 
measured. If the ultimate sizes of top and root are definitely and inevitably 
correlated, then the type of container might alter the degree of correlation 
but not destroy it nor change its character qualitatively. Furthermore, 
the use of flats and pots made it possible to recover the root systems readily 
and in toto. All the experiments were conducted in the greenhouse and 
every precaution taken to maintain uniform conditions of environment 
while any one of them was under way. 

When the plants were grown in pots, the roots were obtained by freeing 
the whole mass from the pot, immersing it in a large volume of water, and 
gently kneading it with the hands until practically all of the soil was washed 
out. Following this, the root system was washed twice more in fresh water 
and then placed between layers of newspapers to dry off for a given length 
of time before the weight was taken. 

When flats were used as containers, six plants were grown in each flat. 
The process for securing the separate root systems was that of dividing the 
mass of soil into six equal blocks ; removing each one of the blocks by placing 
a square of galvanized iron under it, and immersing the block in water. 
From this point onward the method was the same as described previously 
for the plants grown in pots. 


MATHEMATICAL 


The top-root ratios were calculated in three ways: (1) as the quotient 
of mean (arithmetic) top to mean (arithmetic) root; (2) as the arithmetic 
mean of the individual top-root ratios, and (3) as the geometric mean of 
the individual ratios. The results from the use of these three methods of 
calculation on the same data differ sufficiently to necessitate making a 
choice among them. The properties of the geometric mean, when dealing 
with ratios, are such as to commend its use in preference to the others. 
On this mean and its probable error see Yue (10), Keniry (2), and 
Crist (1). 

When the number of individuals in any lot of plants was less than 25, 
Prarson’s (5) factors for the correction of the standard deviation were 
used and the corrected standard deviation substituted in all other caleula- 
tions where the employment of the standard deviation was required. 





The product-moment formula (r=. ) was used in ealeulating the 
x y 
coefficients of correlation. The probable error of r was obtained with the 
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No difference less than three times its probable error was considered 
significant, the probable error of the difference having been determined 
through the formula: P.E.4 = 0.6745,/ 0,’ + ,’. 

Interpretation of the significance of the coefficient of correlation was 
made according to the following rules: (a) If r is 0.5 (plus or minus) or 
greater, correlation is practically certain. (b) In order to be reliable 
r must be at least four times its probable error. (c) If, under various 
conditions of experimentation, r persists in having the same sign, though 
not always significant in itself, there is some evidence of a general though 
weak relationship of the character of this sign between the two variables. 


EXPERIMENTS WITH LETTUCE (GRAND Rapips FORCING VARIETY) 


UsE OF RAW SULPHUR AND SUPERPHOSPHATE (C.P. AND COMMERCIAL. )—The 
seed was sown broadcast in greenhouse flats, the seedlings selected at the 
proper time, and transplanted to other flats (6 per flat) in which they were 
grown for a period of 51 days. The soil was a fertile fine sandy loam. 
The data appear in table I. 

In each case shown in table I the ratio of the average top to average 
root R, is less than R (the arithmetic mean of the ratios for the plants 
individually), while Mg lies between these two. The probable error for 
any Mg is higher than for the corresponding R. This is the relationship 
between the three forms of average which holds as a general rule. Accord- 
ingly, only the geometric mean will be given and used hereafter in making 
comparisons. 

The number of plants per lot was small, by design. This necessitated 
large differences, if they were to be significant. Under these conditions, 
superphosphate when applied either alone or along with raw sulphur, except 
in lot 4 where 800 pounds of the sulphur per acre were used, significantly 
increased the top-root ratio as compared with lots 1 and 2 where sulphur 
only was applied. 

The ratios do not vary directly with the total weights of average plants. 
The smallest plants have the highest ratio, the largest plants have the second 
largest ratio, while the plants intermediate in size have the lowest ratios. 

With so few plants none of the coefficients of correlation, including that 
for all the plants taken together, is significant. However, it is noteworthy 
that all of them are positive in character, one (lot 5) being above 0.5, and 
also that they do not vary consistently in magnitude with either the top- 
root ratios or with the average total weights of the plants. 

INFLUENCE OF CALCIUM NITRATE, POTASSIUM CHLORIDE AND SUPERPHOS- 
PHATE.—The plants were grown in a very poor medium sandy loam soil in 
six inch pots. The nutrient treatments were applied in solution form at 
the beginning of the experiment. Further details and other data for this 
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experiment may be found in Michigan Experiment Station Tech. Bull. 74. 


1926. See table II for the results. 
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Again, as in the preceding experiment, the number of plants per lot, 
except lot 1, was small. Nevertheless, table II shows that any nutrient 
treatment increased the top-root ratio and.the ratios show an unmistakable 
tendeney to be continuously higher as more complete fertilization of the 
soil obtains. The average weight of plant increases along with the ratios 
except in lots 3 and 7. In these cases the increased ratio does not indicate 
an absolute weight of top greater than in the preceding lot but is brought 
about by a reduction in the root which exceeds that in the top, thus leaving 
the top actually smaller, but still relatively larger than the root. 

Though but one of the coefficients of correlation (lot 2) is significant, 
all are positive in sign; three of them (lots 2, 5, 6) being greater than 
0.5. Here, as in the former experiment, these coefficients sustain no uniform 
relation to either the top-root ratios or the average total weights of the 
plants. When thrown together into one group, the 56 plants show strong 
positive correlation, the coefficient being 0.879 + 0.020. 

USE OF ACID AND NEUTRAL SOIL WITH APPLICATIONS OF HYDRATED LIME AND 
SUPERPHOSPHATE.—Complete details of this experiment, which consisted pri- 
marily in a study of the acid tolerance of lettuce, can be found in Michigan 
State College Experiment Station Tech. Bull. 71. 1926, pages 14-18. The 
plants were grown in flats. Two types of soil were used. One soil was a 
mixture of two-thirds muck and one-third sand with a lime requirement of 
20,000 pounds Ca(OH), (Jones method). The second soil was a neutral 
fine sandy loam. The data, presented in table JII, were taken when the 
plants had reached vegetative maturity. The number of plants per lot was 
larger than in either of the two former experiments. 

The twenty-seven lots of plants listed in table III fall into five groups, 
namely, lots 1 to 6 with increasing amounts of lime; lots 7 to 10 with in- 
creasing applications of both lime and superphosphate; lots 12 to 17 with 
superphosphate constant while the lime treatments increase in size; lots 19 
to 22 on neutral loam soil with superphosphate constant and lime applica- 
tions increasing in size; lots 23 to 27 on neutral loam soil with increasing 
quantities of lime. Within any one of the five groups, the top-root ratios 
are approximately equal for the several lots, while at the same time, the 
average size of whole plants decreases with increased size of application 
of the materials used for soil treatment, due to both top and root being 
progressively smaller to about the same degree. 

The effect of soil type is very pronounced. The top-root ratios on the 
acid muck-and-sand mixture are conspicuously higher than on the neutral 
sandy loam. This holds true where comparable treatments were used as 
well as for the checks. Relative root development in the acid muck-and- 
sand soil mixture was greatly reduced. This went to a very great extreme 
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CRIST AND STOUT—-HERBACEOUS PLANTS 


in lots 7 to 10 where the lime and the superphosphate were increased 
together. 

In regard to the twenty-seven coefficients of correlation three, none of 
which is at all significant, are negative. Twenty-four of the coefficients, 
ten of which are above 0.5 and significant, are positive. Variation in the 
size of the coefficients is not consistent to any important extent with the soil 
treatments or the changes in the size of the plants and the ratios produced 
by these treatments. Correlation with all the plants taken in a single group 
is positive and clearly significant (0.543 + 0.026). 


INFLUENCE OF LENGTH OF DAY AS MODIFIED BY NUTRIENT TREAT- 
MENT.—The plants were grown singly, to vegetative maturity, in six-inch 
pots, the soil being a fine sand, low in fertility. Various nutrients were 
applied in different ways. The extra illumination of the plants designated 
as long-day plants was accomplished by means of 1000 watt Mazda lamps, 
socketed in porcelain enameled steel dome reflectors suspended at a height 
of 4.5 feet above the bench. Three of these bulbs, evenly spaced, were used 
over a bench 21 feet long and 5 feet wide, the pots containing the plants 
being distributed so as to give even illumination and also being systemati- 
cally shifted about in their places once each week. The experiment was con- 
ducted during the short cloudy days of the winter season. The day for 
the long-day plants was lengthened 6 hours as an average. The plants of 
the short-day lots were covered each day at 3:00 P. M. and left covered until 
9 o’clock the following morning. The covers consisted of specially built 
light-tight boxes each 10 feet long, 5 feet wide and 3 feet high, with light- 
tight ventilators arranged in each end. See table IV for the results. 

An examination of table IV makes it clear that the top-root ratios were 
increased as the period of illumination was shortened. The differences for 
lots 1, 6 and 7, lots 2 and 8, and lots 3 and 9 are large and certainly signifi- 
eant. In the long-day group the nutrient treatments elevated the ratios 
decidedly. The increases in the short-day group are only apparent. 
Within groups, the increased ratios are associated with increased size of 
plant and greater actual weight of top, though the three largest ratios (lots 7, 
8, 9) obtain with plants among the smallest in size. While the nitrate treat- 
ments of the short-day plants elevated the top-root ratios apparently, 
large plants were not produced as with the long-day treatments. Though 
raw materials from the soil have been sufficient, assimilable food prod- 
ucts were not ample to give greater total growth more evenly distributed 
between top and root. 

All of the coefficients of correlation are positive, three of them (lots 1, 
6 and 9) giving evidence of certainty. The coefficient (0.685 + 0.026) for 
all the plants, thrown together, is such as to make positive correlation 
certain. 
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INFLUENCE OF LENGTH OF DAY IN CONJUNCTION WITH NUTRIENT TREAT- 
MENTS (SECOND EXPERIMENT).—This experiment differed from the pre- 
ceding one in that it was performed during the spring season (April 17 to 
May 23), the former having been conducted in midwinter. The short-day 
plants had a day of eight hours, the long-day plants 16 to 18 hours, while 
the normal day was approximately 10 to 12 hours in length. Otherwise, the 
two experiments were duplicated as to methods. The results are shown in 
table V. 

The data in table V confirm the main conclusion that was evident from 
the results of the preceding experiment, namely, that the top-root ratio 
was raised as the day was shortened, either with or without the nitrate 
treatments. In two of the three groups the nitrate of itself significantly 
increased the ratio. Again, the highest ratios are for the short-day plants 
and are associated with the smallest plants which, at the same time, have 
the lowest actual weight of top, as well as root. 

All of the coefficients of correlation are positive, three of them being 
about 0.5 and no one of these three less than five times its probable error. 
The coefficient for the 178 plants is positive, more than 0.5, and is 21 times 
its probable error. 


EXPERIMENTS WITH RADISH PLANTS (SCARLET GLOBE VARIETY ) 


UsE OF NUTRIENT SUBSTANCES ON TWO SOILS OF DIFFERENT COMPOSI- 
TION.—One of the two soils, the one designated as A in table VI was com- 
posed of five parts fine sandy loam and one part medium coarse sand; the 
other, B, of these types of soil, with the proportions reversed. These soils 
were treated as shown in table VI, and used in six-inch pots in which the 
plants were grown singly. 

Table VI shows that the nutrient treatments increased the average size 
of plant on each one of the two soils but the top-root ratio was not changed 
significantly. With one exception (lot 6) the average plant was larger on 
soil B than soil A, while at the same time the ratio of top to root is con- 
sistently lower, though the differences are not strictly real except as be- 
tween lots 1 and 2. 

The ten coefficients of correlation are positive; seven of them being 
above 0.5. Of these seven, three are fully significant. The coefficient 
(0.694 + 0.031) for all the plants indicates certain positive correlation. 


EFFECT OF LENGTH OF DAY AS MODIFIED BY NUTRIENT TREATMENTS 


This experiment was made simultaneously with the one on lettuce, the 
data for which are contained in table IV, using the same general methods 
of procedure. The period of illumination for the long-day plants was six 
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hours in excess of the normal day, while that for the short-day plants was 
four to five hours less than normal. The soil was a medium coarse sand, 
low in fertility. Table VII gives the results. 

With these plants (table VII), as with the lettuce plants (table IV), the 
top-root ratio increased as the day was shortened, the difference between lot 
1 and lot 6 being highly significant. The increases in the ratio are accom- 
panied by decreases in plant size, development in lots 6, 7 and 8 being very 
meager. Increases in the ratio due to nutrient treatments are only ap- 
parent. As to size of plant, the nitrate was effective, more effective with 
the long than short day. 

Each of the eight coefficients of correlation is positive in character. 
Among the three that exceed 0.5, lot 2 is significant. The coefficient for the 
plants as a whole (0.824 + 0.018) is especially high and reliable. 


EXPERIMENTS WITH TOMATO PLANTS 


EFFECT OF SIZE OF CONTAINER ON TOP-ROOT RELATION.—Pure line seed 
of the John Baer variety was sown on July 28. On August 14, the 
seedlings were potted singly in three-inch pots and remained in these until 
September 7. On the latter date, 51 of the plants were selected at random 
and weights of their tops and roots secured. Forty-one plants were shifted 
to five-inch pots, 41 to eight-inch pots, and 41 to 10-inch pots on Septem- 
ber 9. The soil, a fine sandy loam, high in organic matter, was the same for 
each of the four lots. No manuring of any kind was done. The experiment 
was concluded on October 10, when the plants in the five-inch pots were 
just beginning to show symptoms of deterioration because of becoming pot- 
bound. The leaves and stem were weighed separately. See table VIII 
for the results. 

The data in table VIII make it practically certain that the ratio of top 
to root rose as larger pots were used. This holds true whether the calcula- 
tions are based on whole top, on stem, or on leaves. The plants grew to 
greater size in the larger containers, with both stem and leaves increasing 
in weight and each of these making greater relative growth than the root. 
The leaves constitute a greater percentage of the entire top than the stem, 
and gain in this respect occurs while the stem loses as the pots are larger. 
Furthermore, the gain in size relative to the roots is greater for the leaves 
than it is for the stem. The ratio of top to root for lot 2 as compared with 
lot 1 is not significantly different, while with lots 3 and 4 the ratios are 
clearly higher. 

All of the coefficients of correlation are positive and all fully significant. 
Six of the nine are above 0.5. Though the differences are not always equal 
to three times their probable errors, the indication that the degree of corre- 
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lation lessened as the containers were larger and that the correlation be- 
tween root and stem was the most pronounced, is quite certain. This means 
that the degree of correlation lessened as the plants became larger and the 
ratios of aerial to underground parts increased. Correlation of top and root 
for the entire number of plants (174) is nearly perfect, while tending to be 
slightly less for stem and root, and for leaves and root. 

INFLUENCE OF DEFLOWERING ON PRUNED AND UNPRUNED PLANTS.—In this 
experiment, the plants were of the Grand Rapids Forcing variety and were 
brought along to the stage for transplantation to pots in the same manner 
as those of the preceding experiment. They were transplanted to six-inch 
pots and grown therein on a fine sandy loam soil, well supplied with organic 
matter, for a period of 33 days. One lot of 84 plants was kept trained to a 
single stem, another lot of the same number allowed to go unpruned. Forty- 
two plants of each of these two groups had the flowers of the clusters 
(3 clusters mostly) removed as they opened. See table IX for the data. 

Table IX shows some differences which appear consistent, though none 
of them is great enough to be considered significant. The plants are larger 
and the ratios higher for the unpruned plants than for the pruned and in 
both of these two groups larger plants with higher ratios obtain for those 
from which the flowers were not removed. Thus, higher ratios are appa- 
rently associated with the heavier plants. 

With the eighteen coefficients of correlation, thirteen are greater than 
0.5, and no one of the eighteen is rendered unreliable by the size of its 
probable error. Though the differences in the coefficients are consistent, 
being higher for the unpruned than the pruned, and higher for the plants 
from which the flowers were removed, they are too small, without exception, 
to be significant. 

EFFECT OF BOTTOM HEAT ON PRUNED AND UNPRUNED PLANTS.—The work 
here differed from that for which the results have been given in table IX 
only in that bottom heat was supplied to the bench wherein the pots were 
placed. This elevated the temperature of the plants as a whole but espe- 
cially that of the soil and the roots it contained. The arrangement for 
bottom heat was that of steam pipes swung under the bench at a distance 
of about 18 inches from the bottom of the bench, and heavy burlap, reach- 
ing to the floor, hung around the sides of the bench. Heat was kept on 
during the nights, sufficiently to hold the temperature of the moist sand 
about the pots at a point averaging about 15 degrees above that of an- 
other bench not provided with bottom heat. The results are presented in 
table X. 

In table X, the top-root ratios are higher for the unpruned than the 
pruned plants, though the differences are small and insignificant. Com- 
paring the data with those from table IX for corresponding groups of plants 
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(lots 2 and 4) it becomes apparent that the use of bottom heat greatly in- 
creased the size of average plants. It also led to higher top-root ratios, the 
difference for the pruned plants being significant. 

Each of the nine coefficients of correlation is positive, above 0.5 and fully 
reliable. None of the apparent differences between the coefficients that 
are comparable are significant. Better correlation of aerial parts with root 
obtained than in the preceding experiment, but the differences are only 
apparent. 

Discussion and conclusions 


Under any given circumstances an herbaceous plant has a definite pos- 
sibility as regards total growth and ultimate size. But, while the plant is a 
unit, functioning and developing as an organic whole, there are distinctions 
of degree as regards the top and root. Significant variations in the relative 
distribution of growth between top and root occur naturally and may be 
readily induced by experimentation. The two parts are dependent, and, 
in general, they increase together, but not in a continuous and fixed pro- 
portion, whatever the time in the life cycle and the environment may happen 
to be. This is fully substantiated by comparisons of top-root ratios, even 
when the data are subjected to the standard tests of statistical analysis and 
the geometric type of average used in the process of interpretation. Prar- 
SALL (4) points out that the value of k (ratio of average logarithmic growth 
rates) in the equation S=cR* varies with conditions of growth, as well as 
the type of plant. With etiolated seedlings of Pisum sativum, k was 2 to 3 
times as great as when the plants were grown in the light. High nitrogen 
also elevated the value of k. 

Though the relative development of top and root varies widely in nature 
and under experimental conditions, the two parts show a persistent inter- 
dependence on the basis of their respective final masses. While this rela- 
tionship is neither markedly close nor constant in degree, it is present, in 
general, as a permanent characteristic. Top and root in higher plants, 
except in a few forms like certain species of Tillandsia which are rootless, 
other organs discharging the functions of roots, vary concomitantly. Gen- 
erally speaking, correlation between top and root is positive, or in other 
words, increased size of top is accompanied by increased size of root or vice 
versa. This principle is deducible from the correlation coefficients that have 
been presented, though not as certainly from the top-root ratios. The ratios 
are somewhat inadequate, based as they are on the absolute values of 
weight. The coefficients of correlation which are derived through deviations 
from the line of average relationship afford the necessary criteria. 

An examination of the preceding tables shows little or no tendency of 
the size of the plant to be dependent upon or governed by the degree of 
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correlation between root and top with respect to final mass. Correlation 
is certainly positive in character, but it does not show itself to be stronger 
as the plants average larger in total weight, nor less as they average smaller. 
In fact, if there be any relationship at all of this kind, it tends to be nega- 
tive rather than positive. More often, the higher coefficients of correlation 
are associated with average plants that are relatively smaller. From this 
it may be inferred that when conditions are such as to leave the growth of 
the whole plant less restricted, correlation between top and root appears 
to be lessened. 

These facts help to explain the wide range of plant adaptation observed 
in nature. In so far as survival, establishment and perpetuation hinge upon 
changes in relative development of top and root to meet existing conditions, 
the margin of possibility is quite great. Likewise, the position of the prac- 
tical grower is rendered advantageous. He has considerable latitude by 
way of opportunity to alter relative size of top and root in seeking to realize 
his desires. An ‘‘ideal balance’’ from the gardener’s standpoint is one 
which promotes the plant’s thrifty development, while at the same time its 
growth respecting time, amount, type and place (localization in plant part) 
is such as to suit his material purpose. When the fact of the plant’s 
plasticity is known, it remains essential that the proper means for producing 
desirable modifications be understood ; and furthermore, that the limits of 
variability, which if exceeded will endanger the plant as a whole, be re- 
spected. 

Summary 


LETTUCE EXPERIMENTS.—1. The top-root ratio varied with experimental 
conditions between the extremes of 0.79 (table IV, lot 1) and 12.96 (table 
ITT, lot 7). 

2. Under the following circumstances the top-root ratio was increased : 
Application of superphosphate either alone or with raw sulphur on a fertile 
fine sandy loam soil (table I) ; progressive improvement of fertility in a 
very poor medium sandy loam soil (table II) ; with an acid muck-and-sand 
soil mixture as compared with a fertile fine sandy loam, neutral in reaction 
(table III) ; the addition of both lime and superphosphate to an acid muck- 
and-sand soil mixture (table III); shortened period of daylight illumina- 
tion in comparison with either normal or artificially lengthened day (tables 
IV and V); use of sodium nitrate alone and with superphosphate in con- 
junction with either long or short-day light treatment (tables IV and V). 

3. The top-root ratio was lowered by long-day illumination (tables IV 
and V). 

4. The coefficients of correlation for the separate lots of plants vary 
widely and show no definite relation, respecting their magnitude, to average 
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sizes of whole plants, but on the whole are decidedly positive in character. 
The coefficient of correlation for all lettuce plants taken together as a single 
group (975 individuals) is 0.521 + 0.018. 

RADISH EXPERIMENTS.—5. The top-root ratio was higher for plants grown 
on a soil composed of 5 parts fine sandy loam and 1 part medium coarse sand 
than for those on soil of same components but with the proportion reversed 
(table VI). 

6. As with lettuce, the top-root ratio was higher for short-day plants and 
lower for long-day plants in comparison with normal-day plants (table VII). 

7. Correlation between top and root was variable in degree but clearly 
positive in character. The coefficient for all radish plants grouped together 
(277 individuals) is 0.728 + 0.019. 

TOMATO EXPERIMENTS.—8. The ratios, whether based on the mass rela- 
tion of whole top, leaves only, or stem only to the root, increased as the size 
of the container used was greater (table VIII). 

9. Higher ratios obtained consistently (though the differences are not 
mathematically certain) for unpruned plants, for non-defiorated plants 
both pruned and unpruned, and for plants provided with bottom heat 
(tables IX, X). 

While none of the differences between the coefficients of correlation for the 
several experimental lots is great enough to be mathematically significant, 
it is noteworthy that the coefficients are apparently higher for unpruned 
than pruned plants, for plants from which flowers were removed than those 
not treated so, for plants grown in larger containers, and also higher as 
between root and stem than between root and either whole top or only the 
leaves. The coefficients are more consistent than for either the lettuce or 
radish plants and the positive nature of correlation even more evident. 
The coefficient of correlation with all tomato plants thrown into one 
group is for whole top and root (440 individuals) 0.885 + 0.007; stem and 
root (389 individuals) 0.792 + 0.013; leaves and root (389 individuals) 
0.836 + 0.010. 

GENERAL.—The concrete results that have been presented are not alto- 
gether new and different. In the main, they confirm other investigations in 
showing the great variability possible in the mass relation of top to root, 
and give credence to the idea of an ‘‘ideal balance’’ obtainable, within 
limits, by nature in the process of natural plant adaptation and by plant 
growers to suit their needs and purposes. It is thought, however, that im- 
proved methods for the analysis of data of this type, especially use of the 
geometric mean and the coefficient of correlation, have been employed, and 
furthermore, that the fact of persistent positive correlation in size of top 
and root, regardless of the wide variation shown under special conditions, 


has been demonstrated. 
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THE MECHANISM OF THE WATER TIGHT DOOR OF 
THE UTRICULARIA TRAP 


Francis E. Liuoyp 
(WITH FIVE FIGURES AND ONE PLATE) 


Introduction 


Of the various devices found among plants with the function of entrap- 
ping animals, none has been more intriguing than that of Utricularia. In- 
teresting and complex as are the pitchers of Sarracenia, Darlingtonia, 
Nepenthes, Cephalotus, these are passive in their behavior, aside from the 
secretion of digestive enzymes [HEpBuRN and his co-workers (10)]. Far 
more remarkable are considered the submersed Aldrovandia vesiculosa L. 
and the land form Dionaea muscipula, the leaves of which, when stimulated, 
respond by closing over the unwary insect or other animal which touches 
the sensitive hairs (3,6). Utricularia, however, possesses bladder-\ike traps 
which are purely mechanical in their action when once set, and entrap small 
animals in much the same way as does a mouse trap of the old-fashioned 
kind. The setting, which is automatic, is the result of a peculiar physio- 
logical behavior of the walls of the bladder (recently studied by Czasa). 
Beyond this, the trapping action is mechanical, the captured animals being 
hopelessly ensconced within, when death and digestion finally overtake them. 
As will be seen, the setting of this trap results from negative pressure of 
water within. The maintenance of this reduced pressure is made possible 
by the tight closure of the door. Many attempts have been made to explain 
how this efficiency is attained and it was the unsatisfactory answers to the 
question which prompted the present inquiry. 

The structure of the Utricularia trap (or bladder, as it is frequently 
called) is so well known and has been so often described, that repetition is 
unnecessary here (see 1). There are numbers of species, which differ in 
various details, but they have in common the trap structure, and all appear 
to work in the same way (8, 9,11). In the present paper attention is con- 
fined to Utricularia minor. In this species the trap is compressed pear- 
shaped, with the entrance at the narrow part where it is truncated. The 
entrance is guarded by a crescentic ridge, the threshold (plate II, fig. 1), 
against which rests the edge of the door. The hinge of the door is a semi- 
circular fold attached to the walls of the trap from the inner edge of the 
threshold on one side where it gives on the wall of the bladder about the 
opening to the corresponding point on the other side. The structure of the 
door is such that, when its cells are alive and turgid, it has strong outward 
87 
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spring, but is kept from springing too far forward by its own shape and 
emplacement (fig. 1). If cut away from the sides of the trap, it springs so 
far forward that the entrance is entirely open. The capacity of the door 
for bending resides in the form of the component cells (plate II, fig. 7), 
which have been often described. There is a vestibule-like space in front 
of the door, from the inner surfaces of which extend glandular trichomes. 
Similar trichomes, but of more varied forms, grow out also from the outer 
surface of the door; and in addition to these there are (usually) four stiff, 
pointed trichomes which serve as levers, and may be appropriately called 
trigger hairs (fig. 1). These are attached obliquely to the outer surface of 
the door near the middle point of the lower free edge. The part of the door 





Fic. 1. Diagram of sagittal section and perspective view of the entrance of a trap 
with the door in the set position and showing the articulation of the door 
with the wall. 

Transverse reach. 

Lateral reach. 

Articulation with the threshold. 

Lateral reach of the free edge of the door, crossing the threshold. 

- Middle reach of the door lying in front of the threshold. 

The dotted line below d’, shows the tripping position of the door. 
The veil or valve. 
The pad. 
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between the insertion of the trigger hairs and the free edge is well thick- 
ened (fig. 1) and has a much thickened cuticle (12) ; the trigger hairs and 
the thickened door edge are so firmly of a piece that when the hairs are bent, 
the door edge bends with them. The fulcrum for this lever movement is 
furnished by a very thin spot in the door, just above the insertion of the 
trigger hairs. It must further be understood that the door is domed, the 
convex surface being directed outwardly. It is thus able to withstand a 
considerable, but unmeasured, pressure of water. This pressure results 
from the circumstance that the water within the bladder is pumped out by 
the walls, the lateral of which consequently become incurved, as it were col- 
lapsed, when the trap thus becomes set. It is to be especially remarked that 
the set condition is permanent (12, 6, 13), from which it must be concluded 
either that the door does not allow any leakage of water into the interior, or 
that the cells of the walls can pump it out as rapidly as it gets in. 

The foregoing statement of the case is common knowledge and may be 
summarized briefly as presently follows. 

(a) The normal, that is, undamaged or not otherwise disecommoded trap, 
is, when set, water tight as respects mass movement of water (12,6). For 
only a brief period (less than 1/16 sec.) can water enter. This occurs when 
the trap is sprung. 

(b) The set condition results from the withdrawal of water from the 
interior of the bladder or trap, through the walls. There is thus set up a 
reduced pressure of water within. In this condition the lateral expanses of 
the wall of the trap are strongly inbent, so that they become markedly con- 
eave (2, 12, 6, 13). 

(ec) When in this condition, the concave sides of the trap ean act as rela- 
tively powerful springs. By their sudden bulging out, they can pull 
through the entrance a considerable column of water with great suddenness. 
Any animal not too large, which happens to lie within this column of water, 
is immediately carried into the trap. 

(d) The sudden bulging out can occur normally only if the trap 
is sprung (12, 6). This happens when the trigger hairs are suitably dis- 
turbed, namely, in such fashion that the middle portion of the free edge of 
the door is lifted. At the moment of lifting, the side walls spring out, the 
whole mechanism passing instantly from a state of labile into one of stable 
equilibrium. 

(e) The walls hereupon begin to pump out the water at such a rate that 
the trap may become set again after the lapse of 15 minutes (12) or usually 


1 Springing of the traps occurs when the plant is raised out of the water into the 
air and the water allowed to drain off. BrocHer noticed a clicking sound caused 
thereby. MERL’s explanation that the surface tension of the films of water about the 
trigger hairs accomplishes the tripping is probably correct. 
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a rather longer period (13). We (Lioyp and R. D. Gress) have observed 
the capture of a second worm 35 minutes after the first capture. As soon 
as a sufficient volume of water has been pumped out, that is, when the sides 
of the trap have become more or less concave, the trap has become automati- 
cally reset. 

(f) The pumping out of the water is a function of the walls, which 
Czagsa described as semipermeable. The action is referred to the two- and 
four-armed trichomes, which are regarded as absorbent structures (12, 6). 
There is insufficient proof of this, but the matter does not enter into the 
present discussion. 

(g) As stated in (a) above, the set condition is permanent. MERL saw 
that no dyes enter even during a period of days. Czasa showed, by pass- 
ing a human hair underneath the edge of the door, that unless the opening 
at the entrance is completely closed, the trap does not reset itself. 

(h) This hermetically sealed condition, to use MrRL’s phrase, is owing, 
according to all observers except BrocHER and WiTHyYCoMBE, to the firm 
pressure of the lower free edge of the door against the top of the threshold. 
According to the majority view the effective sealing of the entrance results 
from the pressure, eventually produced by the turgor of the door cells, of 
the free edge of the door against the opposed surface, but seconded by the 
presence of mucus (13) or mucilage which acts as a plugging material, fill- 
ing the reentrant angle formed at the edge of the door. All students of the 
matter have agreed on this latter point. The various views with regard to 
the articulation of door edge with the threshold are indicated by the follow- 
ing passages: ‘‘. . . ihr freies Ende auf einem hufeisenférmigen Rahmen 
als Widerlager ruht’’ (8, 1889, p. 152); ‘‘. . . mit der freien vierten 
Seite dem den Antennen gegeniiberliegenden dicken, mit ebenfalls Schleim 
bildenden Zellen besetzen Miindungsrande von unten d.h. vom Blasenin- 
nern her, anliegend’’ (4, 1888, p. LIX) ; ‘‘ihre Klappe schliesst mittels eines 
Schleimwulstes so fest, dass aus dem Innern nichts heraustreten kann’’ 
(11, 1910, p. 211). ‘‘Die héchst elastiseche Klappe die . . . dem Wider- 
lager ziemlich fest aufliegt . . .’’ (12, 1922, p. 73). ‘‘Der mittlere Teil 
liegt dem Polster auf und ist schmal, die seitlichen Teile liegen ebenfalls 
auf .. .’’ (6, 1922, p. 713) ; BrocneEr, sensing the unsatisfactory character 
of these or similar descriptions, remarked ‘‘s’il était disposé aussi simple- 
ment que cela est representé généralement dans les livres, cet état de pres- 
sion negativ ne pourrait exister, et se maintenir, 4 ]’interieur de 1’utricle. 
Mais tel n’est pas le cas. La disposition est un peu différente et rend cet 
état de chose possible.’’ He then states that the inward flexing of the sides 
has the effect of augmenting the curvature of the door in such fashion that 
‘*le bord libre de celui-ci s’applique d’autant plus exactement contre le re- 
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bord (X in his figure) de l’utricle qui lui est opposé, que la courbure de 
l’opereule est plus considerable’’ (2, p. 43-44). ‘‘This margin (of the 
valve or door) is sharp, thin and smooth and rests on the edge of a rim or 
collar which projects into the interior of the bladder. The collar obstructs 
any outward movement (italics mine) with the result that the valve (door) 
ean only open inwards’’ (ARBER, 1920, p. 93). The last quotation is given, 
not in criticism of its author, but because it summarizes the then accepted 
view. 

WITHYCOMBE (13), however, became still more aware of the discrepancy 
between the accepted accounts and the behavior, and came to believe that 
the edge of the door rests, not on the top of the threshold, but in a ‘‘slight 
groove’’ in front of the ‘‘collar cells.’’ His evidence, however, derived 
from fixed and paraffin-sectioned material, misled him on this point, the 
threshold tissues having shrunken so much as to completely distort the shape 
of the upper surface. As will be shown, the door edge rests against the top 
of the ‘‘collar cells,’’ or pad, and not against their forwardly directed lat- 
eral faces. WiITHYCOMBE did not apparently apprehend the fact that the 
door edge crosses the threshold (6). The sealing ‘‘mucus’’ he supposed to 
have been secreted by the middle layer of the ‘‘collar cells’’ (his figure 5, 
13). WuitHycomss, therefore, believed rightly that the door edge presses 
inwardly against an outwardly opposing surface, but failed to determine 
what surface, and further accepted mucilage or mucus as the sealing 
material. 

Having thus been led to investigate the matter, it has been possible to 
show that the mechanism which prevents the inward leakage of water into 





Fig. 2. Position of the door when widely opened. 
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the trap is not the door alone with a seal of mucilage, but the door acting 
in cooperation with a valvular membrane attached to the front margin of 
the threshold. Furthermore, the lower edge of the door lies, when in nor- 
mal position, not on the threshold, nor pressing outwardly against the outer 
raised margin, but pressing inwardly against the outer aspect of this mar- 
gin. It is this emplacement of the free edge of the door along a 
ligne d’appui, coupled with the valvular action of a curtain-like membrane, 
that together prevent the seepage of water. The permanence of the set 
condition of the trap, depending on the foregoing, has been verified by me, 
with the cooperation of Mr. R. D. Grpss. In addition we have also deter- 
mined the behavior of the traps, finding ourselves in agreement with Czaga 
and Mert especially in regard to the springing of the trap. We have done 
this with a needle point and have watched animals (small worms) being 
entrapped,” and have come to the conclusion that the downward movement 
of the trigger hairs (that is, away from the plane of the antennae) is the 
most effective, if not the only normal condition for the release of the door. 
I find that unless the lower edge of the door is engaged by pressing inwardly 
against the raised outer margin of the threshold (figs. 1, 4), it is unable to 
resist the pressure of the outer water (assuming the trap to be set) and 
accordingly bends inwardly, admitting water, or air if water is not present, 
as BrocHer observed. To release the door edge from this engagement, it 
must be lifted free of the opposing margin of the threshold. The moment 
this is accomplished the door gives way entirely to the inrushing water. It 
is now in order to present an account of the mechanism as thus compre- 
hended. The significance of a number of details of structure hitherto negli- 
gible, or at any rate neglected, will now come to light. 


Observations 


First we will take up the opening into the trap and the threshold. Con- 
sidering, for the purpose of description, that the antennae are attached to 
the upper lip of the trap, the threshold bars the entrance a short distance 
within the vestibule. The plane in which it lies will be used as a plane of 
reference in the following description. 


THE THRESHOLD 


The threshold is a massive curved structure, the upper surface of which 
forms a flattened crescent with the horns projecting slightly toward the 
interior (figs. 1, 4; plate IT, figs. 1, 2,9). Looked at from above, the eye 


2A motion picture has been made of this, using no artificial assistance, depending 
wholly on the behavior of the worm. This picture was exhibited at the New York meet- 
ing of the Botanical Society of America, December, 1928. 
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of the observer being in the threshold-plane, the forward or outward mar- 
gin is curved like a conventional Cupid’s bow, the chief curve, that of the 
body of the bow being in the middle, the rear or inner margin, straight or 
nearly so. The inner surface extends steeply downwards and is clothed 
with bifid glandular or absorbing hairs, whatever this may mean. There 
appears, however, to be another margin within this one just described. This 
is due to the presence of a pad or mat of epithelium composed of glandular 
trichomes (13) (trapezoidal as seen from above) which in a transverse sec- 
tion of the threshold appear columnar with rounded free surfaces. The 
shape of the pad is such that the rear limb is symmetrical with the forward 
limb, being broad near the horns and in the middle (though here not as 
wide as the total width of the threshold) and narrow between these points 
(plate IT, fig. 9). The relation of this pad of tissue to the threshold as a 
whole is important and may best be understood by viewing a transverse sec- 
tion of the threshold (sagittal with reference to the trap as a whole). In 
such a section (fig. 5; plate II, figs. 3-5, 8) one sees the pad as a dense tissue 
forming the top of the threshold and bending over the outer margin. This 
bent-over part furnishes a surface for the free edge of the middle portion 
of the door to rest against when in a set position. As above stated, this 
margin is outwardly curved. To this curve fits the curve of the middle por- 
tion of the free edge of the door when in the set position. It may be ob- 
served that the raised outer marginal epithelium with its pad of glandular 
cells is supported by very large cells jutting upwards above the general level 
of their neighbors. 

The pad (‘‘Pflasterepithel’’ as GorBEL called it) is of further and prime 
importance, in that the cuticle of its glandular cells exfoliates during devel- 
opment, and before the trap opens for business, but remains attached by its 
forward margin. This loosened cuticle thus forms a veil suspended between 
the horns of the threshold and attached to it along a line well below its for- 
ward margin at the forward limit of the pad. The presence of this veil has 
been hitherto overlooked ; indeed, I have overlooked it myself for years. It 
is only with great care that sections can be cut (of fresh material, of course) 
without tearing it away. When it remains, it is so diaphanous that either 
it is not seen (in transverse sections of the threshold usually) or appears 
merely as the top of the threshold when seen looking along the sagittal axis. 
The forwardly directed surface of the pad and the veil form a pocket. It 
thus comes to have a definite function as a valve, sealing the fissure between 
the edge of the door and the threshold, just as a bit of leather stops the leak- 
age of the piston head of a pump. 

The exfoliation of the veil takes place rather late in the development of 
the trap. In bladders as small as 0.33 mm. in length it has not yet appeared 
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but is recognizable at 0.47 mm. At these stages of development the door 
overhangs the threshold (GoEBEL) coming into its definitive position later. 
When first evident, it is to be observed over the outer one or two rows of 
pad cells, the exfoliation evidently beginning in this region and extending 
back (plate II, figs. 3-5, 8). In younger traps the veil appears more defi- 
nite and circumscribed, but with age becomes more extensive and ill-defined 
at its loose posterior border. The ragged appearance of the loose margin 
of the veil is due to its irregular tearing away from the pad cells in the more 
interior region, that toward the inner margin of the threshold. The very 
thin ragged portion bears the evident imprint of the tops of the cells from 
which it arose. 

A feature of the development of the veil must be especially mentioned, 
namely, that during the earlier period of its exfoliation there is an expan- 
sion of its area, so that it balloons away from the cells from which it arises. 
The impress of the cell top is, as a result, an exaggeration of the pattern 
present in a surface view of the pad. The large size of the meshes of the 
veil appears out of congruity with the smallness of the pad cells; it is only 
when the behavior during origin is known that the incongruity is removed. 

The veil is eutinized (is insoluble in strong sulphurie acid) and yellows 
with iodine, when it can be easily seen. When bleached of iodine and lying 
in glycerin it becomes exceedingly diaphanous. 


THE DOOR 


The door, called by some the valve, is a structure of complex curvatures. 
It may best be described in relation to figures 1 and 3. Figure 3 is intro- 
duced for the further purpose of indicating my dissent from CzaJa’s 
mapping of the areas which he recognizes. His effort was concentrated on 
explaining the behavior of the door as a structure which presses down and 
outwardly on the threshold. Since this is not what happens, his deserip- 
tion fails in cogency. 

The insertion of the fixed margin of the door is along a U-shaped line, 
the plane of which is almost at right angles (ca. 100°) to the threshold 
plane, and so disposed that the free ends of the U coincide with the ends of 
the threshold where it gives on the side wall (fig. 1, b c). From this line of 
insertion the door hangs in such fashion that the free edge, that which 
articulates with the threshold, is nearly circular. This shape is retained 
normally by its own turgor. Plate II, fig. 6, is a photograph taken at right 
angles to the plane embracing the free edge of a freshly removed door. 
When in position, the thin edged sector (a } c, a’b’c’, fig. 3) is somewhat bent 
inwardly in adjusting itself to the threshold. In addition to this curva- 
ture, the door is also curved normally to the plane of the free edge. When 
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forced by pressure into a nearly flat plane, it takes the form of fig. 7, plate 
II. There are, it is evident, as indicated in fig. 3, three regions—a middle 
generally circular area, truncated below to form the middle region of the 
free edge (a a’), and flanked by two triangular smaller pieces (a b c, a’b’c’ 


which fold along the lines a c and a’c’ when the door is in position. The 
door is attached along bcd c’b’, the hinge at d being a strong curve which 





1 , \ ‘ 
£ ad # 
Fic. 3. Map of the door as seen when approximately flat. 
b aa’ b’. The free edge of the door. 
a a’. Middle reach. 
ab and a’b’. Lateral reaches. 
ac and a’c’. Lines of the fold. 
ce a a’ ec’. Follow the curve of the threshold when the door is in the natural 
set position. 
e f and e’ f’. Approximate lines of lateral flexure. 
g g’. Approximate line of transverse flexure. Median flexure occurs along 
the line d d’. 
x. Central hinge area; the base of the four trigger hairs are indicated, 
below which is the thickened margin or wale of the door. 
b ec and b’ ec’. Articulations of the door with the threshold. 
e e and ¢’ e’. Continuations of the lateral articulations against the wall of the trap. 
ede’. Transverse articulation. 


is maintained in the transverse reach gg’ to become in the lateral reach 
(ec, e’c’) asimple attachment. The structure of the wing a bd c is continu- 
ous with that of the middle piece, and I am unable to identify the triangular 
areas plotted by Czasa ( ef g in his fig. 3, 1922, my fig. 3). The line of the 
bend, with which Czasa seems to identify his triangle e f g, lies strictly along 
ac, a’e’ in my fig. 3 (e d in his figure). When in position this line of bend- 
ing follows the forward edge of the threshold from the horn (c, c’, fig. 4) 
to a point on this edge where the free edge of the door crosses (a, a’, figs. 
1, 4) to the outer surface of the threshold. The chink formed between the 
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fold of the door and the edge of the threshold lies behind the veil, which 
accordingly blocks it. Czasa’s account postulates a bend running above 
the thickened margin of the middle piece (f f’ e’ in his figure), whereas as 
a matter of fact there is none there. He accords a corresponding discon- 
tinuity of structure indicated in his figure by lines. The fact seems rather 
to be that the structure of the lateral areas is completely congruous with 
that of the middle piece. 

The narrow region below the insertion of the trigger hairs is much thick- 
ened and has a thick cuticle. The shape, as seen in section transverse to 
the run of the edge, is lenticular, the edge which rests on the outer surface 
of the threshold being rather sharp. Just at and above the insertion of the 
trigger hairs the door is very thin. This thin area is nearly circular and 
constitutes a hinge, allowing the thickened edge of the door to bend up and 
inwardly so that it can come just above the resisting edge of the threshold. 
When this condition is established, the door has little resistance and flaps 
inwardly, permitting an inrush of water. This concluded, it springs back 
into position, the stiff edge sliding over the pad till it regains its ligne d’ap- 
put. In doing so it pushes before it the loose veil which automatically comes 
into position as a valve not only near the horns of the ecrescentie threshold, 
as above stated, but along the whole length of the edge of the middle piece 
as well. 

It is difficult, indeed, almost impossible to cut a section of fresh material 
so that the door remains in exactly the right position. A half-door inevi- 
tably curves free of the edge and lies more or less above the threshold, the 
veil then looking like a ragged mass of stuff not calculated to attract atten- 
tion. I have accordingly studied the silhouettes of entire fresh traps mak- 
ing negatives with long exposures. These, when examined, usually show a 
shadow made by the veil, and the door in its proper position. Once one 
knows what to look for, it is quite possible, often easy, to see the veil in the 
living trap by looking obliquely into the entrance with a low power objec- 
tive. In some cases even the quasi-cellular structure can be seen (plate IT, 
figs. 1, 2, 10). 

Little has been said yet about the hinge of the door as a whole. In the 
transverse reach this hinge is a strong flexure toward the inside of the trap, 
bending back again into the curvature of the middle piece. As the trans- 
verse reach fades into the lateral reaches, the bend of the hinge becomes less 
pronounced, until it merely curves downwards and a little away from the 
wall. In the region over the end of the threshold a mass of tissue lifts the 
end of the door (marked b c, b’ c’, fig. 1) away somewhat from the wall, a 
group of large cells, a sort of buttress, causing this (c, c’, fig. 1,4). This 
grades in the forward direction into the wall and offers attachment to the 
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stretch of the arch b to e, fig. 1. At point e there occurs a slight angle, 
breaking a little the continuity of the arch, the point at which the strongly 
bent hinge cells (e d e’) begin. 








Fig. 4. Diagram of the entrance from the inside of the trap. 


The behavior of these regions of the door along the arch of attachment 
may be seen by studying the silhouette of a trap which has swallowed a glass 
rod (fig. 2). A trap freed from the plant will, when the end of the glass 
rod is pushed against the trigger hairs, jump forward and swallow the end 
of the rod, as Czasa found using a needle. I found that a rod 0.1 mm. in 
diameter is easily swallowed. If the rod is tapering, it may be pushed for- 
ward, with precautions to do no damage to the entrance mechanism of the 
trap, till the door is opened to its maximum. When in this position the 
rod was 0.17 mm. in diameter, representing approximately the maximum 
possible displacement of the door, probably more than normally occurs. 
The middle piece of the door (f, e, e’ f’, fig. 3) suffers maximum displace- 
ment, the sides of the door being bent upwards approximately along the 
lines e f and e’f’, fig. 3. This bend is most pronounced toward f, and 
towards e gradually fades into the curvature between e and e’, though not 
without a jog at these points. The tissues along e—f and e’f’ are thus 
strongly pulled out of equilibrium and tend to straighten back in a diree- 
tion normal to e—f and e—f’. The cells at right angles to the line g-g’ 
tend to bend back normally to this line. It is certain that the cells along 
bceand b’c’e’ are displaced from position only very slightly, merely enough 
to accommodate themselves to the sharp upward bend along e f and e’f’. 
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What the maximum displacement of the door is when it opens by dis- 
placement by the water column pressing against it cannot precisely be said, 
but, since (in the trap I measured) the maximum opening has the trans- 
verse diameter of 0.17 mm. and the same trap immediately, on springing the 
door, swallowed a rod 0.1 mm. in diameter, it must open more widely than 
has been supposed. Mert speaks of a lunate ‘‘halbmondférmig”’ slit. Any 
opening short of a good-sized throat could not engulf the large objects often 
found in the traps; and it must not be forgotten that during the time the 
door is open, less than 1/16 of a second, a column of water fully 1 mm. long 
passes in. During the movement of this column the door must remain sta- 
tionary in a position presenting a throat of diameter greater than 0.1 mm. 
To do this the sides of the door must be bent upwards, approximately, 
though not as much, as in fig. 7. 

The recovery of the set position of the door does not wait on the com- 
plete relaxation of the lateral walls, and in fact probably always closes be- 
fore. This is shown by the fact that, after any event of tripping, the walls 
will on puncturing the bladder with a sharp needle relax further to the 
maximum possible extent (12). The fact is used here to emphasize the 
vigorous action of the door, which recovers its position in spite of a still 
inflowing column of water. The change in shape of the trap after tripping 
with a needle and after puncturing with a needle was illustrated by MER. 

Flexure of the door also occurs along the line d d’ in the sense opposite 
to the flexure e f and e’f’. The great thickness and elasticity of the door 





Fie. 5. Transverse section of the threshold showing the veil when fully developed. 
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edge, forming a wale of tissue reaching from a to a’, enable it, while bend- 
ing before the moving column of water, on release of pressure to immedi- 
ately resume its semicircular form, bringing it back into its original posi- 
tion, the whole edge from b to b’ (fig. 3) being in the form of an unbroken 
arch (plate II, fig.6). This wale of tissue is important, therefore, in bring- 
ing the door into the set position. Its initial flexure, due to the leverage 
by the trigger hairs, is at its middle point (d’). The pressure of the water 
causes it to arch in the opposite sense, the flexure spreading outwardly along 
the radii from the centre x. 

Correlated with the remarkable degree of flexure possible, and with the 
strong resistance of the door to deformation, is the form of the cell walls. 
These are never straight, but curved like so many springs. This is true of 
both radial and periclinal walls (plate II, fig. 7). This is, of course, a 
matter of common observation. What is important for the correct under- 
standing of the working of the door is the proper evaluation of the rdéle 
of the thickened wale along the middle reach of the door edge. This acts 
by swinging into position, engaging the outer edge of the threshold as a 
eatch which in spite of its firm engagement can be easily released by down- 
ward pressure of the trigger hairs. Its almost cartilaginous consistency 
is due in large part to the much thickened outer walls (MerL) of the very 
small cells. 

Summary 


It has been shown in the foregoing that when the trap of Utricularia 
minor is in the set position, the middle part of the free edge of the door 
rests against the outer surface of the pad of glandular cells of the threshold, 
and not, as heretofore supposed, against the top or any part of the top 
or against the edge of the pad. It maintains its position against water 
pressure by virtue of the resistance offered by the threshold. The outer 
reaches of the door edge cross obliquely the sides of the threshold. There 
is of mechanical necessity, therefore, a fold between the middle and lateral 
portions of the door which would, if not otherwise provided against, allow 
inflow of water under the reduced pressure known to be present in the trap 
when set. This possible leakage of water into the interior of the trap is 
prevented by the presence of a veil or curtain attached to the outer surface 
of the threshold and stretching from one horn to the other of the crescentie 
threshold in such a manner as to act as a valve to exclude water by pressing 
on the edge and folds of the door. This veil, or valve, is the outer cuticle 
released from the cells of the pad, being set free from the inner margin of 
the pad and remaining firmly attached in front. The veil shows the 
imprint of the top of the cells from which it sprung. The earlier formed 
part of the veil suffers considerable extension, or ballooning, recalling the 





behavior of the cuticle in certain other glandular trichomes (Pelargonium). 
The veil arises during the later period of development of the trap, so that 
when the trap begins to function as such, the veil is ready in position. 
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EXPLANATION OF PLATE 


Fig. 1. Entrance of trap viewed from the outside showing the veil and the upper 
surface of the threshold. The door is sprung outwardly by its own turgor, but it is 
so seen because a part of it has been removed in sectioning the trap. 

Fig. 2. The veil and front edge of the threshold of another trap. The lower edge 
of the door can be seen again in the sprung position. 

Fig. 3. Section of the threshold of a young trap showing the exfoliating cuticle 
at a rather early stage. 

Fie. 4. A somewhat later condition. 

Fies. 5 and 8. The fully developed veil as seen in transverse section of the threshold. 

Fig. 6. Half of the door showing the thick wale above the middle reach of the 
lower edge and the thin lateral portion which crosses the threshold from a to b— 
text fig. 1. 

Fig. 7. A half-door laid out nearly flat viewing the inside surface. Letters as in 
text fig. 1. 

Fie. 9. View of a little over half a threshold seen from above. The anterior 
margin bears the veil. The inside face of the threshold (above) bears glandular 
trichomes. The trapezoidal cells of the pad can be seen. The dark patches are caused 
by air in the intercellular spaces, here as in other figures. 

Fig. 10. View of the door and veil in the set position as seen when looking into the 
threshold of a living set trap. 
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SOME CRITICAL COMMENTS ON THE METHODS EMPLOYED 
IN THE EXPRESSION OF LEAF SAPS? 


BERNARD S. MEYER 


(WITH ONE FIGURE) 


In many types of plant physiological research, accurate determinations 
of the physico-chemical properties of expressed plant saps are important. 
In undertaking such determinations, however, the technical methods of 
collecting and treating the samples and of expressing the saps have not 
always been judiciously chosen to meet the requirements of the investiga- 
tion. Such methods have sometimes been followed according to blind 
prescription with little or no regard for the limitations imposed upon them 
by the physiology or anatomy of the tissues. The following comments 
upon the technique of such determinations, and the attempted critical evalu- 
ation of the more generally used methods are based upon the experience 
gained in an extended investigation upon the physical and chemical proper- 
ties of expressed leaf saps. The discussion in this paper refers primarily, 
therefore, to leaves and leaf saps. 

The earliest investigators of the properties of expressed plant tissue 
fluids carried out their determinations upon saps expressed from living, 
untreated tissues. ANDRE (1) appears to have been the first to observe 
that fractions of sap successively expressed from an untreated leaf sample 
showed progressively increasing concentrations of solutes as measured by 
the depression of the freezing point. 

Drxon and Atkins (2) obtained results similar to those of ANpR& when 
they expressed sap from untreated plant tissues. They explained the pro- 
gressive increase in the osmotic concentrations of successively expressed 
fractions of sap by. assuming that a larger number of cells burst at the 
higher pressures, thus permitting solutes to escape to which the protoplasmic 
membranes of the unbroken cells at the low pressures were impermeable. 

Since this differential expression of sap from untreated tissues makes 
it practically impossible to express from them representative samples of 
sap, Drxon and ATK«Ns introduced the method of freezing the leaves in 
liquid air before subjecting them to pressure. They presented data to show 
that the successively expressed fractions of sap from a leaf sample frozen 
in liquid air did not differ materially in osmotic value. They also found 
that the volume of sap expressed from frozen leaves was larger than could 
be expressed from unfrozen leaves, and was freer from debris. 


1 Papers from the Department of Botany, the Ohio State University, no. 221. 
103 





104 PLANT PHYSIOLOGY 


GoRTNER and Harris (5), also principally interested in determinations 
of the osmotic values of expressed plant tissue fluids, substituted the ice-salt 
bath as a more universally available mode of freezing. In this method the 
tissues to be frozen are placed in a glass tube of suitable size, which is then 
stoppered and immersed in an ice-salt bath in which a temperature of 
—15° C. to —20° C. is usually maintained. The usual field precautions to 
be observed with this freezing method are discussed by its originators. A 
number of other investigators have employed this method. 

GoRTNER, LAWRENCE, and Harris (6) checked the conclusion of Drxon 
and ATKINS that the concentration of solutes in samples of sap successively 
expressed from unfrozen leaf samples showed a progressive increase. They 
expressed the sap from untreated leaf samples from a number of species of 
plants and found some in which successively expressed portions of the sap 
showed decreasing concentrations of solutes, and others in which all of the 
fractions of expressed sap showed approximately the same concentrations 
of solutes. Although their results deviate from those obtained by Drxon 
and ATkins, they do not invalidate the principle that sap samples expressed 
from unfrozen tissues cannot be taken as representative of the conditions 
existing in the tissue from which they have been exposed. 

Methods of freezing leaf samples in solid carbon dioxide have been 
employed by Harvey (7), Lewis and Turrie (10), Meyer (11), and others. 

Gai (3) ground the leaves of western conifers through a fine meat 
grinder before expressing the sap. Some samples were also frozen but 
GAIL reported that there was little difference between the osmotie value of 
the samples merely ground, and those which were both ground and frozen. 

Newton, Brown, and Martin (12) have recently described a method of 
finely grinding plant tissues and expressing the fluids at low pressure which 
they believe results in the expression of a sap which represents substantially 
the composition of the original tissue fluids. All operations were carried 
out at a temperature close to 0° C. Since the object of this method is to 
obtain the cell contents in as nearly unchanged conditions as possible, freez- 
ing of the tissue is not permissible because of its known precipitating effect 
upon proteins. This method promises to prove of value and general appli- 
eation in indicating the distribution of any constituent of plant tissues 
between the physiologically active and the inert portions of the tissues. 

GoLpsmiTH and Situ (4) appear to have been the first to rely upon the 
method of treating leaf samples with a toxic vapor in an extensive investiga- 
tion of the physico-chemical properties of plant saps. In a recent investi- 
gation they used chloroform vapor treatments upon the leaves of the Engel- 
mann spruce (Picea engelmanni) with apparently satisfactory results. The 
leaves were exposed to the vapor for thirty-six hours before the saps were 
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expressed, the investigators relying upon refrigeration during this period 
to prevent any appreciable enzyme action. Freezing point depressions 
obtained with saps expressed after this treatment were corrected for the 
solubility of chloroform in water. This method was checked against the 
ice-salt freezing method for leaves in the summer condition and excellent 
agreement found in the results, but apparently it was not checked against 
other methods while the leaves were in the winter condition. The subse- 
quent discussion in this paper shows that such a check would have been 
desirable. However, there is no indication in the results obtained that this 
method is not effective with winter-hardened leaf tissues. 

During the past several years the writer has made a number of com- 
parative studies of the effects of several methods of treating leaf samples 
upon the amount of sap which can be expressed from them and the osmotic 
value of the sap. Parallel series of determinations were made at different 
seasons for the leaves of several evergreens in the living condition, after 
freezing in an ice-salt bath, after freezing in solid carbon dioxide, and after 
grinding to a shredded pulp. 

Table I records the results of a representative series of determinations 
upon the 1927 leaves of the pitch pine (Pinus rigida). Similar results 
were obtained in every other series of determinations made. 


TABLE I 


EFFECT OF VARIOUS TREATMENTS OF PITCH PINE LEAVES UPON THE AMOUNT OF SAP WHICH 
CAN BE EXPRESSED, AND UPON THE OSMOTIC VALUE OF THE EXPRESSED SAP 
PRESSURE = 5,000 LBS. PER SQ. IN. 











FROZEN | FROZEN 





MOISTURE | . = A tree _— 
DATE | CONTENT | DETERMINATION | UNTREATED (1ce-saut) | (CO,) | GROUND 
| per cent. | | | 
Aug. 3, 1927 59.4 | Sapexpressed | 
| (ee: per 100 gm.) | 23.9 44.3 47.6 42.9 
Osmotic value 
(atmospheres ) 9.40 15.20 15.91 18.68 
Jan. 22, 1928 54.7 Sap expressed 
(ee. per 100 gm.) ats 15.0 41.0 31.3 
Osmotic value 
(atmospheres) 12.41 13.04 21.12 25.73 





An analysis of these data brings out a number of facts which are perti- 
nent to the present discussion. The water content of the leaves was 4.7 
per cent. higher in August than in January, a fact which may be expected 
to have a minor influence on the volumes of sap which could be expressed. 

In the summer approximately the same volumes of sap could be 
expressed from samples frozen in an ice-salt bath, from samples frozen in 
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solid carbon dioxide, and from samples shredded through a meat grinder. 
A much larger volume of sap could be expressed from all the treated samples 
than from the untreated sample. 

The summer osmotic value of the sap expressed from the ground sample 
was about three atmospheres higher than the osmotic value of the sap 
expressed from either of the frozen samples, which checked closely with each 
other. A much higher osmotic value was obtained with all the treated 
samples than with the untreated sample. The higher value shown by the 
sap from the ground sample was perhaps due to the favorable conditions for 
oxidations and other chemical changes which probably occur in the tissues 
during and immediately following the grinding process. 

In the winter, only from the sample frozen in solid carbon dioxide was 
a volume of sap expressed which compared with the volumes expressed 
during the summer from all the treated samples. The volume of sap 
expressed from leaves frozen in an ice-salt bath was of the same order of 
magnitude as the volume expressed from the untreated leaves. The volume 
expressed from the ground leaves was distinctly smaller than the volume 
expressed from leaf samples frozen in solid carbon dioxide. 

The winter osmotic value of the sap expressed from the leaves frozen in 
an ice-salt bath was not appreciably different from that of the sap expressed 
from unfrozen leaves. The sap expressed from the leaf sample frozen in 
solid carbon dioxide showed a much higher value, and that expressed from 
the ground leaf tissue was still higher, but the last two values were ob- 
viously of the same order of magnitude. 

It is believed that the difference between the results obtained with leaves 
in the summer condition, and the results obtained with leaves in the winter 
condition is due principally to an increase in the amount of ‘‘bound water”’ 
in the leaf tissues during the winter months. In a previous paper (11), 
the probable relationship between seasonal variations in the bound water 
content, and seasonal variations in the hydrophilic colloid content of the 
leaves of this species has been indicated. During the summer months it 
appears that only a relatively small amount of the water present in the 
tissues of pitch pine leaves is bound. The methods of freezing in an ice- 
salt bath, freezing in solid carbon dioxide, or grinding, are therefore all 
effective in increasing membrane permeability, presumably through dis- 
organization of the protoplasm, and thus permit the expression of a repre- 
sentative sample of sap. 

During the winter months, however, a relatively large proportion of the 
water present in the tissues apparently is in the bound condition. The ice- 
salt freezing method does not have a drastic enough effect upon the tissues 
to permit the expression of a representative sample of sap. Presumably 
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this is because the molecular forces binding the water are of sufficient mag- 
nitude to prevent the occurrence of any appreciable amount of erystalliza- 
tion of water in the tissues. At this temperature, according to all present 
conceptions of the mechanism of ice crystallization in plant tissues, crystals 
ordinarily form only in the intercellular spaces, withdrawing water from 
the cells as they elongate. The sap expressed is therefore similar in amount 
and properties to that expressed from untreated leaves. 

At the temperature of solid carbon dioxide (+ 80° C., and lower), the 
forces of crystallization are undoubtedly of sufficient magnitude to over- 
come the molecular forces binding water. Leaves are usually frozen solid 
by this treatment, indicating that most of the water present in the tissues 
freezes within the cells. The result of this treatment is that representative 
samples of sap can be expressed under pressure. 

The grinding treatment also permits the expression of representative 
samples of sap at all seasons of the year. The effectiveness of this treat- 
ment is apparently due to the disruption of the physical relationship exist- 
ing between the bound water and the tissues, through the bruising and tear- 
ing action which the grinding process exerts on them. 

The writer (11) has already called attention to the discrepancy between 
the results obtained by Gam (3) and those obtained by Korstian (9) in 
their investigations of the winter osmotic values of the expressed leaf saps 
of certain western evergreens. The divergent results obtained by these two 
investigators are apparently due to different methods of treating the leaf 
samples. Korstian froze the leaves in an ice-salt bath while Gam, as has 
already been noted, used what was essentially a grinding treatment. 

The demonstrated and theoretically expected limitation of the ice-salt 
freezing method to unhardened tissues makes it desirable that a field method 
be devised which is not subject to such a limitation. The liquid air freez- 
ing method, vapor treatment methods, and grinding method are difficult to 
adapt to ordinary field conditions. Neither is the spraying method of freez- 
ing with solid carbon dioxide, as usually employed, feasible in the field. 

Recent developments in the commercial production of solid carbon 
dioxide? have permitted the development of a field method of freezing leaf. 
samples with solid carbon dioxide which will be briefly described. 

The solid carbon dioxide must first be reduced to fragments varying up 
to the size of a small marble. These crushed fragments are poured into an 
insulated container*® until a layer about one inch in thickness is deposited 

2 Solid carbon dioxide is manufactured and sold by the Dry Ice Corporation of Amer- 
ica, New York and Chicago, under the trade name of ‘‘ Dry-Ice.’’ 


3 Stanley ‘‘Super-Vac’’ Food Jars (all steel) in the quart size have been found to 
be very serviceable for this purpose. 2 
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in the bottom. A stoppered tube of suitable size (about 8 inches long and 
1.25 inches in diameter) is inserted and held upright while the carbon 
dioxide is poured around it until the jar is filled to a level slightly below the 
top of the tube. The jar is stoppered and is then ready to be carried into 
the field. 

Leaves are thrust as rapidly as collected into a glass tube of the same size 
as the one inserted into the jar. When filled the tube is stoppered and sub- 
stituted for the empty tube in the jar. This particular procedure is neces- 
sary because the solid carbon dioxide so rapidly becomes compacted in the 
jar, that it becomes practically impossible to dislodge the individual par- 
ticles sufficiently to force the collecting tube into the mass of solid carbon 
dioxide. The solid carbon dioxide slowly disappears by sublimation, but 
usually a sufficient amount remains in the jar to keep the leaf samples frozen 
for about 24 hours. 

There is no reason to believe that the method of freezing leaf samples in 
liquid air as first employed by Dixon and Arkxins will lead to results for 
sap determinations which are markedly different from those obtained with 
the carbon dioxide freezing treatment. Although the writer has not had 
the experimental opportunity to confirm this statement, comparative data 
from Harvey (7) support it. For hardened cabbage leaves Harvey 
recorded a difference of only 2.3 atmospheres in osmotic value between sap 
samples expressed after these two treatments. For unhardened cabbage 
leaves he recorded a difference of 1.7 atmospheres. 

KNupson and GinssBerG (8) found no appreciable differences in the 
osmotic values of the saps expressed from two samples of the leaves of an 
unhardened greenhouse plant, Jresine herbstii, one frozen in an ice-salt 
bath, the other in liquid air. Harvey recorded an osmotic value about 6.5 
atmospheres higher for saps expressed from unhardened cabbage leaves 
after freezing in liquid air than for saps expressed from unhardened cab- 
bage leaves frozen at —5° C. It is probable, however, that —5° C. is not 
a low enough temperature to have an effect on unhardened cabbage leaves 
comparable with the effect of an ice-salt bath on the leaves of Iresine. 

The press diagrammed in text figure 1 was devised especially for the ex- 
pression of leaf saps, and has been found in practice to give excellent service 
for this purpose. This press involves certain principles in design which ap- 
parently have not been previously employed, and has some advantages over 
other styles of presses in common use. The principal parts are the piston 
A, and the cylinder B, which were turned from steel and ground to fit 
within 0.001 inch. The dimensions are shown in the figure. The groove a 
cut around the inside wall of the cylinder one inch from the top is designed 
to prevent the upward movement of sap past that point. The groove b, 
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Fic. 1. Press for the expression of leaf tissue fluids. A, piston; B, cylinder; C, per- 
forated disk; D, handle for piston; Z, handle for disk; a, groove for preventing 
upward movement of sap; b, groove for collecting sap; cc, delivery tubes. 


cut around the base of the cylinder, adjacent to the vertical wall, is designed 
to collect the sap and feed it to the two delivery tubes, cc, on opposite sides 
of the cylinder. These tubes are made of brass and threaded into place so 
they can easily be removed for cleaning. An important auxiliary part of 
this press is the metal disk C. On the lower side of this disk are eight 
equally spaced radiating grooves. Six one-sixteenth inch holes, spaced at 
equal intervals, were drilled through the metal disk into each groove. The 
removal of both the piston and the disk from the cylinder is facilitated by 
means of the metal handles, D and EF, which screw into place. 
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By employing the metal disk described above it is possible to dispense 
with the use of cloth for wrapping the leaf samples. It is only necessary 
to place two or three disks of linen cloth, cut to fit the circumference of the 
cylinder snugly, on top of the metal disk in the bottom of the cylinder. 
The leaf sample is then placed directly on top of the cloth disks. In fact, 
when leaves containing considerable amounts of ligneous tissues are used, 
there is no need even for the disks of cloth. 

This press has given satisfactory results for the expression of leaf fluids 
from a variety of plants. It is convenient in that it is readily handled and 
easily cleaned. A press of the dimensions shown in text figure 1 will 
accommodate leaf samples weighing up to 100 grams. Presses of this 
design may, of course, be built of any convenient size or, if deemed advis- 
able, other metals than steel could be employed ir their construction. 

Following the suggestion of KNupson and GinsBeRG (8) the writer has 
employed a materials testing machine as a source of known pressure for use 
with this press, with entirely satisfactory results. In packing the press it 
is necessary to avoid any bunching or wadding of the leaf sample. Unless 
the leaves are evenly distributed throughout the press cylinder, bunched 
portions of the sample will be subjected to a greater pressure than the more 
loosely packed portions. In careful work such an unequal distribution of 
pressure must be reduced to a minimum. It is necessary to allow the press 
to drain for several minutes after the maximum pressure to be employed has 
been reached. The most satisfactory results appear to be attained when the 
pressure is applied just rapidly enough to cause the expressed sap to trickle 
slowly from the delivery tubes. 

The magnitude of the pressure used will have an effect upon the proper- 
ties of the expressed sap. KNupson and GrnsBerG (8) have shown that 
there is an important difference between the osmotic value of saps expressed 
from the leaves of Jresine herbstii at a pressure of 10,000 pounds and those 
expressed at a pressure of 50,000 pounds, both for samples frozen in liquid 
air and for samples frozen in an ice-salt bath. The pressure employed 
should depend upon the structural character of the plant organ, and upon 
the purpose for which the expressed fluid is to be used. 

It is highly desirable that, before investigations involving determina- 
tions of the physico-chemical properties of expressed plant saps are under- 
taken, preliminary studies should first be conducted to determine the most 
suitable method of treating the tissue, and the proper magnitude of the 
pressure to be applied. Papers reporting the results of any such investiga- 
tion should include the following information: water content of the tissue, 
exact treatment and method of handling the tissue, magnitude of the pres- 
sure employed, and the volume of sap expressed as a percentage of the fresh 











wT ae NE Ya SS G&S Fe 


‘ew Ce 


ee De 











MEYER—EXPRESSION OF LEAF SAPS 111 


weight or water content of the tissue. Only with such information avail- 
able can the reader reconstruct for himself a reasonably accurate picture 
of the exact effects of the treatment and pressure upon the tissue, and only 
if such information be supplied can the determinations be duplicated. 


Summary 


1. A summary of the more important methods which have been used in 
the treatment of leaves before the expression of leaf saps is presented. The 
discussion attempts to evaluate these methods with especial regard to the 
limitations and advantages of each. 

2. A field method of freezing leaf samples in solid carbon dioxide is 
described. 

3. Details are given for the construction of a press which embodies cer- 
tain principles in design which do not appear to have been previously used. 
This.type of press has been found to give satisfactory results for the expres- 
sion of saps from the leaves of a variety of species of plants. 
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CHEMICAL RELATIONSHIP BETWEEN SCION AND 
STOCK IN CITRUS’ 


A. B.C. Haas ann fF. F. HALMA 
(WITH ONE FIGURE) 


It is commonly known that Citrus varieties are propagated commer- 
cially by budding. The most important varieties grown in California are 
Washington Navel orange and Valencia orange (Citrus sinensis Osbeck), 
Marsh grapefruit (Citrus maxima Merrill), and Eureka and Lisbon lemon 
(Citrus limonia Osbeck). The rootstocks upon which these varieties are 
budded are sweet orange (Citrus sinensis Osbeck), sour orange (Citrus 
aurantium L.), grapefruit (Citrus maxima Merrill), and to a small extent 
rough lemon (Citrus limonia) and trifoliate orange (Poncirus trifoliata 
Raf.). The degree of congeniality shown between scion and rootstock in 
Citrus has been reported by WEBBER (7), NEwMAN (6), and others. Their 
observations show in a general way that the lemon scion overgrows the 
sour rootstock as is indicated by a bulge just above the bud union, and 
overgrows the sweet stock to a less extent, whereas the opposite effect is 
seen when the lemon is budded on grapefruit or trifoliate orange, in which 
ease the trunk of the rootstock is larger than the lemon trunk. Similar 
but less pronounced size differences exist when the Navel or Valencia 
orange or the Marsh grapefruit is budded on sour, sweet or trifoliate root- 
stocks. On the other hand a smooth bud union results when these standard 
varieties are grown on rough-lemon rootstock. In general the degree of 
so-called congeniality or compatibility implies a comparison of the relative 
rate of growth of scion and stock; the more nearly equal the rate of growth 
of scion and stock the greater the congeniality or compatibility. 

No adequate data are available from which to formulate a hypothesis 
which may lead to an understanding of the relationship of scion and stock. 
Limited data by JENSEN and others (5) indicate that in the case of lemon 
on sour stock, the amount of starch is greater above the bud union than in 
the case of lemon on grapefruit stock. This, however, may be considered 
effect rather than cause, since the overgrowth in the former case has an 
effect comparable to that of girdling. Our knowledge of the organic con- 
stituents of evergreen trees is scanty, and although carbohydrates may be 
fairly accurately determined, yet their amounts are subject to considerable 
fluctuation not only throughout the year but also throughout the day. On 
the other hand the inorganic constituents of mature parts of Citrus trees 

1 Paper no. 205, University of California, Graduate School of Tropical Agriculture 
and Citrus Experiment Station, Riverside, California. 
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fluctuate very little and hence studies along this line are more promising. 
For this reason we have studied the inorganic composition of scion and 
stock in Citrus. 


Before reporting the results of the present investigation it is necessary 
to refer to previous work which shows that fundamental physical and 
chemical differences exist in the leaves of varieties of Citrus that are ordi- 
narily combined in budding. The ash and calcium of the water-soluble 
fraction of mature normal Washington Navel and Valencia orange leaves 
exceed those of Eureka lemon (Haas, 1). The sap of normal mature lemon 
leaves is less active osmotically and contains less ash and calcium but more 
magnesium than the sap of orange leaves (Haas and Hauma, 2). Investi- 
gations on the sap and the morphology of leaves of these two Citrus species 
indicate that the lemon leaf has a more efficient photosynthetic system 
than the orange leaf (HAuMa and Haas, 3; Hauma, 4). Furthermore, it is 
a matter of common observation that the growth rate of unbudded seedlings 
or cuttings of lemon is greater than that of sour orange, sweet orange or 
grapefruit, but about equal to that of rough lemon. It seems reasonable 
to assume that varieties or species that differ in so many respects must 
undergo some changes in their physical or chemical make-up when combined 
with one another by means of budding. The data presented herewith 
show that a chemical difference exists between scion and stock. It appears 
that the scion species or variety influences the amount of soluble magnesium 
in the bark of the stock. 

The material analyzed consisted entirely of bark. In all cases the 
cambium was active so that it was an easy matter to remove the bark. 
Care was taken to collect material only from trees growing on definitely 
known stocks. The bark was obtained from areas immediately above and 
below the bud union. The portion of the tree from which the material 
was taken was carefully cleaned; the bark was peeled off and dried in an 
oven at 65° C. The dried material was finely pulverized so as to pass 
through a 20-mesh sieve. Water-soluble and insoluble ash, calcium and 
magnesium were determined. The analytical procedure was essentially 
the same as that previously used (1). 

Previous studies (1) have shown that the leaves of sweet orange and 
lemon could be distinguished by the water solubility of the calcium in the 
dried leaves: the dry matter of the sweet orange leaves contained about 
two and one-half times as much water-soluble calcium as that of the lemon 
leaves. It was assumed in the present investigation that possibly a similar 
chemical difference may exist in the bark. It was further assumed that, 
if this were found to be the case, it might serve as a means for identifying 
the variety by means of bark analysis. 
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From table I, however, it is clear that this calcium relationship does 
not exist in the bark, where the water solubility is extremely low as com- 
pared with that of the leaves. It may be of interest to add that the total 
calcium as a percentage of the dry matter is about equal to that found 
in the leaves. 

Table I suggests that the amount of soluble magnesium as a percentage 
of the dry matter or of soluble ash depends upon the position which the 
variety occupies in the budded tree; for where the sweet orange served as 
the scion, its soluble magnesium content was considerably higher than when 
it served as a stock for the lemon scion. It is also clear from table I that 
sour, sweet and grapefruit stocks gave values similar to that of the lemon 
scion. 

Since the material in table I was considered inadequate to definitely 
establish this magnesium relationship between scion and stock, a sufficiently 
large number of bark samples representing various commonly occurring 
combinations of scion and stock were collected. These samples were 
obtained from trees varying in age from seven to thirty-five years and 
growing under widely different soil and climatic conditions in southern 
California. A limited number of samples were also obtained from unbudded 
trees. Because of the possible influence of seasonal variations, the material 
was collected both in March and in August of the same year. These 
samples were analyzed by the same procedure as was used for the previous 
material. 

The data given in table II are so grouped that the magnesium relation- 
ship between scion and stock of the same tree may very readily be seen. 
Figure 1 gives the average values and enables one to summarize the data 
readily. If we consider the trees having a lemon scion we find that the 
average values for the soluble magnesium as a percentage of the dry matter 
are rather uniform both in the scion and stock, regardless of the four 
varieties of stock used. On the other hand if the scion is Valencia orange 
or Marsh grapefruit the values for the soluble magnesium are considerably 
higher, not only in the scion but also in the stock, which in this case includes 
both sweet and sour orange. The same type of sour orange which served 
as a stock for the lemon scion shows a higher soluble magnesium content 
when, instead of a lemon scion, it had a Marsh grapefruit or Valencia 
orange scion. 

Turning to the unbudded trees where there is no scion influence, we 
find that the bark of sour orange and rough lemon is appreciably lower in 
soluble magnesium than that of either sweet orange or grapefruit. The 
values for unbudded sour and rough-lemon seedlings are not changed 
appreciably by budding a lemon scion on them. However, the value for 
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a 
Fie. 1. Average values for soluble magnesium as a percentage of dry matter for stock 
and scion. 


sour orange when used as a stock for either Valencia orange or Marsh 
grapefruit scions, is increased above the value found for unbudded sour 
seedlings. 
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A clear case of the dominance exerted by the scion as far as soluble 
magnesium is concerned is seen in trees which were originally Marsh grape- 
fruit on sweet stock, but which were later topworked to Eureka lemon. In 
this case the values for the grapefruit intermediate as well as for the sweet 
stock are approximately the same as those for the lemon scion. Other 
trees of the same age growing in the same orchard, which were not top- 
worked, and hence retained their grapefruit top, showed values for both 
scion and stock which were considerably higher than those found in top- 
worked trees. In other words the replacement of the original grapefruit 
top by the lemon scion exerted a profound influence on both the original 
scion and the stock. Therefore, as far as soluble magnesium content is 
concerned, there seems to be no very marked stock influence upon the 
lemon scion. On the other hand, as is seen in figure 1, when the grapefruit 
or sweet orange scion is on sour stock, which when unbudded has a low 
soluble magnesium content, the value for the stock is greatly increased. 
But we also see that the unbudded sweet orange and grapefruit have higher 
values than the unbudded sour orange. Here again we cannot escape the 
conclusion that the grapefruit or Valencia scion was responsible for the 
increase in the values found in the sour stock. 

It appears from figure 1 that there may be an increase in soluble mag- 
nesium as one passes from the lemon scion to the various stocks, but the 
reverse is true to an even greater extent when the scion is Valencia or 
grapefruit. The reasons for the influence of scion on stock are unknown 
but it may be suggested that the differences in the growth rate between 
lemon and sweet orange or grapefruit may play an important role in that 
the leaves of the former would draw more heavily on the magnesium supply 
than those of the latter. 

There are several points of interest in the tables in addition to the case 
of soluble magnesium. It is well known that the calcium content of the 
ash of normal mature Citrus leaves is nearly constant, being about 35 per 
eent. Approximately the same percentage was found in the ash of all 
bark samples analyzed, regardless of whether the variety was the scion or 
the stock. Moreover the dry matter of the lemon leaves contains about 18 
per cent. of soluble calcium, whereas that of sweet orange contains approxi- 
mately 50 per cent. (1). Such differences do not exist in the trunk bark; 
as a matter of fact, the values as given in the tables are extremely low in 
comparison and do not reveal any great difference between the different 
varieties. 

Throughout the tables there is a slight suggestion of inorganic gradients 
in the trunk. Since the samples consisted of bark taken immediately above 
and below the bud union, one could not expect to find consistent differences 
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in the same direction. However, in the case of the trees having a lemon 
scion, a grapefruit intermediate and a sweet stock, the samples necessarily 
represent greater intervals along the trunk and main branches. Here we 
find a gradual increase from top to bottom in the soluble and total caleium 
in the dry matter, but a decrease in the soluble ash and total magnesium 
in the total ash. 


Summary 


Some differences in inorganic composition between scion and stock of 
Citrus were studied. It was found that the soluble magnesium as a per- 
centage either of the dry matter or of the soluble ash of the trunk bark is 
lowest in the lemon and sour orange and highest in the sweet orange and 
grapefruit. The values found in the bark of the stock vary according to 
the scion variety with which it is combined. If the scion is lemon, which 
normally has a low value, and the stock is sweet orange or grapefruit, the 
values for the stocks are much lower than they would be if they had not 
been budded. On the other hand if sweet orange or grapefruit (with a 
higher value than the lemon) is growing on the sour orange, then the value 
of the latter is considerably higher than it would be if the lemon were 
the scion. 


CITRUS EXPERIMENT STATION, 
RIVERSIDE, CALIFORNIA. 
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STORAGE OF TRUCK CROPS: THE GIRASOLE, HELIANTHUS 
TUBEROSUS™ 


HAMILTON P. TRAUB,?2 CLIFFORD J. THOR, J. J. WILLAMAN, 
AND R. OLIVER 


(WITH FOUR FIGURES) 


The girasole,* Helianthus tuberosus, has had much interest centered upon 
it since the report of JacKson, SmnsBEE and Prorrirr (4) on the possible 
commercial preparation from it of fructose, a sugar sweeter than sucrose, 
according to Paut (7), Deerr (3), Sate and SKINNER (8), BrestTeEr, 
Woop and Wauuin (2) and SpENGLER and Trargcen (10). A survey of 
the plants which might serve as a source for the commercial production of 
fructose shows that the girasole ranks among the more promising. The 
plant has been in general use in many European countries for a long time 
as a truck crop and as a stock food, and to a lesser extent this is true for 
certain sections of the United States. 

One of the chief problems in connection with this crop is that of storage. 
The periderm of the girasole tuber is very thin and easily ruptured. There 
is a rapid loss of moisture on exposure to atmosphere at room temperature. 
The tubers are subject to parasitic diseases under ordinary storage con- 
ditions.* Most authorities seem to be agreed that the best method of storage 
is the practice of leaving the tubers in the ground and digging them when 
needed. SHOEMAKER (9) reports good success with tubers stored in burlap 
bags in a cold cellar at Washington, D. C., from November, 1925, to March, 
1926, without shriveling or other difficulty. The temperature was kept near 
the freezing point. The preliminary experiments reported in this paper 
covering the period from August 30, 1927, to March 22, 1928, were carried 
out in order to secure more accurate information with regard to the storage 
of this erop. 

* Published, with the approval of the Director, as paper no. 807 of the Journal 
Series of the Minnesota Agricultural Experiment Station. 

1 Thanks are due LAWRENCE ZELENY for competent assistance in certain of the chem- 
ical determinations. 

2 Chief, Division of Horticulture, Texas Agricultural Experiment Station, College 
Station, Texas, since April, 1928. 

3 Helianthus tuberosus is not an artichoke and is not native to Palestine; therefore, 
‘‘Jerusalem artichoke’’ is a lengthy misnomer, and is being replaced, for purposes of 
economy, if for no other reason, by the simpler term, ‘‘girasole.’’ See L. H. Barney, 
Vegetable Gardening, 1890. f 

4A study of the diseases of girasole tubers in storage was carried on parallel with 
the experiments reported in this paper by Prof. H. W. JoHNSON, of the Division of Plant 
Pathology. This report will be published separately. 
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Methods 


The general plan of the experiment included the study of the dry matter 
and water soluble carbohydrates in the tubers of the Portland variety from 
August 30, 1927 to March 22, 1928, (1) outdoors on silt loam, (2) outdoors 
on sandy loam, (3) in common storage at 34°-49.5° F., (4) common storage 
at 33.5°-44° F., (5) in cold storage at 32°-35° F. The tubers were washed, 
dried with a towel and ground to a pulp in a food chopper. The pulp was 
thoroughly mixed, after which 100 gm. were taken for a moisture determi- 
nation, and two 30-gm. portions for sugar analysis. Fifteen ec. of water 
were added to each of the 30-gm. samples in a 250-ce. beaker and the mix- 
ture was set in a boiling water bath for one hour. The extract was pressed 
from the pulp while hot, with a small juice press, into a 100-ce. volumetric 
flask. The pulp was washed with two 15-ce. portions of boiling water, the 
washings being added to the first extract. The combined extracts were 
hydrolyzed with 2.5 ee. of 8.12 N HCl on a water bath at 70-80° C., for 
35 minutes and cooled to room temperature. To clarify the hydrolyzed 
extract, solid neutral lead acetate was added until precipitation was com- 
plete. A white precipitate of lead chloride is deposited first and this is 
followed by colloidal matter. The mixture was then diluted to volume 
(100 ee.) and filtered, deleaded with solid disodium phosphate and filtered 
again. 

Aliquots of the deleaded filtrate, which was clear and practically color- 
less, were used for the selective determination of fructose and total reducing 
substances by Ost’s cupro-carbonate method as modified by Nyns (5). 
The cupro-carbonate solution was prepared as follows: 250 gm. K,CO, and 
100 gm. KHCO, were dissolved in 700 ec. boiling water; 25.3 gm. of very 
pure CuSO,-5H,O dissolved in about 100 ec. of water were added, and 
the solution was made up to 1 liter. One or 2-ce. aliquots of the clarified 
sugar solution were placed in 250-ce. Erlenmeyer flasks and distilled water 
was added to make a total of 20 ee. Then 50 ce. of cupro-carbonate solution 
were added and the mixture was reduced: one set on a water bath kept 
at 48.5-49° C. for the determination of fructose, and another set on a 
boiling water bath for the determination of total water soluble carbohy- 
drates. Reduction was carried out for exactly 2.5 hours, when the euprous 
oxide precipitates were collected in Gooch crucibles on asbestos mats. The 
amount of copper was determined in each case by the permanganate method 
as given in Official Methods (1). These values, referred to tables in OLIVER’s 
paper (6), gave the amount of fructose and of total reducing sugars. Sub- 
tracting the former from the latter gave ‘‘glucose,’’ a term here used to 
include glucose and any other reducing substances other than fructose which 
may be present. 
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Kinds of carbohydrates present 


In an attempt to determine the amount of free reducing sugars in the 
girasole tuber, a sample (Nov. 3, 1927) was extracted in the usual way, 
except that some CaCO, was added to prevent hydrolysis of polysaccharides 
by the natural acidity of the juice. Hydrolysis with HCl was omitted but 
the extract was clarified with neutral lead acetate and deleaded as usual. 
This unhydrolyzed extract was subjected to the cupro-carbonate reduction 
at 48.5-49° C., and at 100° C. In both cases no more copper was reduced 
than in the case of the blank for the method, indicating the absence of free 
fructose or free ‘‘ glucose.’’ 

Samples of the same material were extracted at room temperature 
(23° C.) instead of at 100° and in the presence of CaCO, to prevent hy- 
drolysis. In this case the extract was also filtered to remove CaCO, par- 
ticles. The extract was then hydrolyzed with HCl and run through the 
usual procedure. In this way it was hoped to remove the water soluble 
levulins or inulides without removing inulin itself. However, the analyses 
gave only slightly lower values for fructose and ‘‘glucose’’ in this extract 
than in the case of the extracts prepared in the usual way. 


Fructose ‘‘Glucose’’ 
percent. percent. 


Usual method 10.90 5.71 
Cold extraction in presence of CaCO, and hydrolysis with HCl 9.68 4.97 





This indicates that practically all the water soluble polysaccharides are 
inulides, and that the inulin content is low, which is in harmony with the 
work of WimLLAMAN (12). 


Preliminary analyses, 1926-27 


The preliminary work was done on the crop of 1926. One variety of 
white girasole was grown in St. Louis County. Another lot of tubers, of 
an unknown variety, was secured from Portland, Oregon, and grown at 
University Farm; and some of the same variety, which had been grown at 
Portland, were sent to us in October and placed in a root cellar. Some 
French Mammoth were also grown at University Farm. Samples of tubers 
were dug at intervals during the winter and spring, some being analyzed 
immediately and others kept in a root cellar for various periods. The data 
are presented in table I. 

It will be noted that the fructose content is rather low in comparison 
with that found by Jackson, Smuspee and Prorritr (4). This is prob- 
ably due to immaturity. The sample from Portland, Oregon, contains 
nearly twice as much fructose as the others. 

During the winter, whether the tubers are in the ground or in storage, 
the fructose-glucose ratio is rather low. By May the ratio has increased 
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markedly. It must be pointed out that direct comparison may not be made 
between these 1926 samples and those grown in 1927. 


Experiments in 1927-28 


The Portland variety of girasole was grown at University Farm in 1927 
in sandy loam and in silt loam. They were analyzed when freshly dug on 
August 30, when the tubers were still immature ; on November 3, when they 
had apparently gained their maximum development; and on December 20, 
January 30, and March 22, during the storage period. On November 3, 
some of the tubers on the sandy loam were dug and placed in three types of 
storage. The conditions of storage and the behavior of the tubers under 
these conditions is shown in table II and figure 1. The results of the 
analyses are shown in table III and in figures 2, 3, and 4. 


TABLE II 


PER CENT. OF SOUND, SHRIVELED AND DISEASED GIRASOLE TUBERS, UNDER DIFFERENT STORAGE CON- 


DITIONS. GROWN AT UNIVERSITY Farm, St. PAuL, MINNESOTA 





















- CONDITION OF TUBERS EXPRESSED 
ARE Senne DATE oF IN- IN PER CENT. OF ORIGINAL 
NUMBERS 
TEMPERATURE ae naienieeoal = 
SounD | SHRIVELED | DISEASED 
per cent. per cent. | per cent. | per cent, 
© ‘ 34-49.5° P| 73.9-86.1 | January 30, 1928 | 27.7 | 38.7"" | 33.5 
semenbee etivetied tte: he. 75 | 6.9** | 85.5 
January 30,1928 | 48.6 | 33.3** | 18.0 
° ¥ ’ ’ 
Common storage 33.5-44° F. | 89.3-92.0 March 29, 1928 47.3 | 44.6** | 19.3 
| 
January 30, 1928 85.2 | 10.0% | 4.7 
1d 2-35° F. ............ 1-92. . ‘ 
an aay” © 89.1-92.0 | March 29, 1928| 80.5 | 14.1* 5.2 

















* Slightly shriveled. 
** Much shriveled. 


Condition of tubers—The data in the table indicate that the higher 
temperatures and lower humidities induce the shrivelling of the tubers as 
well as the attack by pathogenic organisms. On the other hand, the tubers 
keep very well at lower temperatures and higher humidities. Under the 
most favorable conditions supplied in these experiments (32°—35° F., and 
89-92 per cent. humidity) 80 per cent. of the tubers were sound at the end 
of the period, less than 15 per cent. were slightly shrivelled, and 5 per cent. 
were diseased. Under the least favorable conditions (34°-49° F. and 74-86 
per cent. humidity) only 7 per cent. remained sound, 6 per cent. were 
shrivelled and 85 per cent. were diseased. 
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STORACE CONDITIONS 


Fig. 1. Per cent. sound, shriveled, and diseased girasole tubers stored under various 
conditions. 


Moisture content.—Prior to the storage period, November 3, there was 
an increase in dry matter, as shown in figure 2. From then until March 22, 
the tubers kept in the ground showed a steady increase in moisture. Those 
kept in a root-cellar at 34°-49° F. and relative humidity of 74-86 per cent. 
showed a consistent decrease in moisture, totaling 10.8 per cent. Those 
stored at 33°-44° F. and 89-92 per cent. humidity lost only 3.1 per cent., 
and those at 32°-35° F. and 89-92 per cent. humidity lost 3.5 per cent. 
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Fig. 2. Variation in dry matter, total water-soluble carbohydrates, fructose and ‘‘glu- 
cose’’ in girasole tubers under various storage conditions. 
University Farm, St. Paul, Minnesota. 


Carbohydrates.—The total water-soluble carbohydrates are built up in 
the tuber until November, when a maximum is reached, both on the green 
and dry weight basis. This is shown in table III, and figures 2 and 3. 
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From November to March there is a total decrease in water-soluble carbo- 
hydrate on a dry weight basis. Between November 3 and March 22, there 
is a loss of more than 10 per cent. of the water-soluble carbohydrates on a 
dry weight basis. There are minor fluctuations which cannot be explained 
by the data presented. The rise in water-soluble carbohydrates on January 
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30 may be due to the seasonal difference in the material. Travus (11) has 
shown that there is a difference in the carbohydrate fractions extractable 
from apple wood at various seasons of the year. It will be noted that the 
decline in fructose is consistent, and that the fluctuations in water-soluble 
carbohydrates is due to other unexplained causes. 

In storage the continual loss of moisture apparently has a marked effect 
upon the percentage of total sugars per unit green weight, as shown in 
fig. 3. Under the more favorable storage conditions the moisture content 
and percentage total sugars per unit green weight are more constant. 

From the standpoint of possible fructose manufacture the ratios of fruc- 
tose to other sugars, and fructose to total sugars are of primary importance. 
During the winter, both in storage and in the field, there is a simultaneous 
increase in ‘‘glucose’’ and decrease in fructose, although the latter process 
is the greater as shown in figures 3 and 4. The total sugar content reaches 
a maximum at the beginning of November, and consequently the best time 
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Fig. 4. Ratios of fructose to ‘‘glucose’’ and fructose to total water-soluble carbo- 
hydrates, in girasole tubers under various storage conditions. 
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to utilize the tubers for the maximum fructose yield per unit weight is at this 
stage when the ratio of fructose to other sugars is the highest. 


Conclusions 


1. Girasole tubers in storage under the conditions of the experiment have 
a larger amount of water-soluble carbohydrates per unit green weight than 
tubers left in the ground over winter. 

2. Girasole tubers may be successfully stored as a truck crop, and as 
propagation stock, at a temperature range of 32°-35° F., and a relative 
humidity of 89-92 per cent. The optimum conditions for storage, which 
may or may not approximate the conditions described above, are still to be 
determined. 

3. Tubers stored at temperatures above 40° F. lose moisture rapidly, 
shrivel, and are subject to storage diseases to such an extent that prac- 
tically the entire crop so stored is lost by the end of the storage period. 

4. From the time of maturity in the fall up to the end of January there 
is a consistent decrease in the ratio of fructose to glucose, and of fructose 
to total water-soluble carbohydrates under all conditions studied. From 
the standpoint of possible fructose manufacture, harvesting and utilization 
should take place near the time of maturity in November under Minnesota 
conditions. 

5. There is apparently a seasonal variation in the proportion of the 
water-soluble carbohydrates extractable. 

6. Girasole tubers at the time of harvest do not contain appreciable 
amounts of free reducing sugars. 
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SEASONAL VARIATION OF THE CHLOROPLAST PIGMENTS IN 
SEVERAL PLANTS ON THE MALL AT WASHINGTON, D. C.* 


F. M. ScHERTZ 


Introduction 


The following investigation was undertaken to determine if possible 
what effect the time of year might have upon the chloroplast pigments. 
It is of course known that the time of year influences the nutrient elements 
which are found in the soil and these in turn affect the pigments 
which are present in the leaves. Plants were chosen, to which no chemical 
fertilizers were added during the course of the year. It was thought that 
this experiment might possibly aid in interpreting the results obtained from 
crop plants which had been fertilized. 


Material used 


All of the leaves (without petioles) used in these experiments were 
weighed, ground and extracted immediately after picking. A ten gram 
sample was used in each case while the extraction and the fractionation of 
the pigments were done according to methods* already described by the 
writer. All determinations were made colorimetrically. 

The first collection was made from very young leaves as soon as the 
required amount could be easily obtained and the last collection was made 
just before frost killed the leaves. The pigments as given in table I are 
the result of only one determination for each pigment on a single ten gram 
sample of leaves. Three trees and two shrubs were chosen for the experi- 
ment because of the different habits of their growth. The samples were 
always collected from the same side of the plant, and whenever possible the 
leaves were picked from the same branch. The data were obtained during 
the year 1920. 


Results 


The results of the investigation are presented in table I where the date 
of the leaf collections and the species of plant investigated are shown. 

In looking over the results, it is very difficult to draw any very definite 
general conclusions regarding the pigments present in these plants. In 
drawing conclusions from work of this type, one must always consider the 


1Soil Fertility Investigations, United States Department of Agriculture, Wash- 
ington, D. C. 

2 ScHERTZ, F. M. The extraction and separation of chlorophyll (a+ 6), carotin and 
xanthophyll in fresh leaves preliminary to their quantitative determination. Plant 
Physiol. 3: 211-216. 1928, 
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errors which are ever present in the methods used in making the deter- 
minations. The errors which were made in estimating the carotinoids, as 
has been shown in previous papers which described the colorimetric methods 
that were used here, are much larger than were the errors made in esti- 
mating the total chlorophylls. The chlorophyll data may then be con- 
sidered of most value. 

It is interesting to note that the amount of chlorophyll present in the 
three trees rises on July 20 and then there apparently is a rapid drop for 
a month or more and then later a rise in all but the Ginkgo. Perhaps the 
fact that this species belongs to an entirely different group of plants might 
account for its different behavior. In the case of the boxwood, Buxus 
sempervirens, young leaves (1920 growth) and old leaves (1919 growth) 
were used in the experiments. The old leaves contained much less chloro- 
phyll than the young leaves. The amount of chlorophyll in both types of 
leaves apparently increased as the season advanced. The amount of chloro- 
phyll present in the Japan quince evidently increased also as the season 
advanced. There is no explanation offered as to why the shrubs behave 
differently than the trees. 

It ean be said about the carotinoids that two of the trees and the Japan 
quince contained more pigment at the beginning of the season than did the 
boxwood and the Ginkgo. The maple leaves contained more pigment and 
there was less variation in the pigment content of this tree during the 
course of the season than that of any of the other plants investigated. The 
carotinoids present in Prunus decreased to a minimum the first of Sep- 
tember and then gradually increased again. The Ginkgo leaves showed a 
gradual decrease in the amount of the carotinoids present in them. On the 
whole, the old leaves from the boxwood contained less yellow pigments than 
did the young set of leaves, although the young leaves started the year with 
less pigment. 

The chlorophylls and the carotinoids may be correlated in a few cases. 
Acer palmatum contained the greatest amount of both pigments. The 
amounts of the green and the yellow pigments present in Ginkgo decreased 
as the season advanced. Both the greens and the yellows decreased and 
then increased in Prunus cerasifera. In a rough way the carotinoids 
present in the Japan quince parallels the amount of chlorophyll present. 
In general, it may be said that in every case the amount of carotinoids 
roughly parallels the amount of chlorophyll present in the leaves. 

The investigations of WILLSTATTER and Sto.’ have shown that the 
chlorophyll content of some of the plants which they worked with varied 
considerably during the growing season. 


3 Willstatter, R., and Stoll, A., Untersuchungen iiber Chlorophyll. 1913. 
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Table II shows the results of their investigation. Nothing is known 
regarding the conditions of growth of these plants. These conditions un- 
doubtedly were a very important factor with reference to the amount of 
chlorophyll which was found in the leaves. 


TABLE II 
THE AMOUNT OF CHLOROPHYLL PRESENT IN PLANTS AT DIFFERENT TIMES DURING THE 
GROWING SEASON 


























MILLIGRAMS OF CHLORO- 
PLANT DATE PHYLL PER TEN GRAMS 
OF FRESH LEAVES 

Stinging nettles June 23,1911 17.4 

July 20,1911 22.3 

Mareh 22,1912 12.6 
Plane tree June 1,1911 15.3 

July 25,1911 24.9 
Horse-chestnut June §8,1911 28.3 

July 22,1911 34.6 

Discussion 


In a paper of this kind great care must be exercised to avoid drawing 
conclusions that are not warranted. There are many chances for error 
and the investigator must always be on his guard. 

To secure data which would be of great value, an investigation such as 
this one should be continued during the course of several seasons and all 
meteorological data should be correlated with the quantitative estimation 
of the pigments. The data from a single season will show only what hap- 
pened during that one year and of course cannot be relied upon for general 
conclusions. 

Moreover, samples should be analyzed in duplicate so as to detect and 
eliminate any possible errors in the quantitative separation of the pigments. 
This would greatly increase the amount of work to be done but it is be- 
lieved that the results obtained would more than justify the labor re- 
quired. Caution must be exercised in the taking of samples. The method 
of sampling must be carefully planned in advance so that it will not be 
necessary to revise the scheme, for leaves picked from different plants or 
from different parts of the same plant vary greatly in pigment content. 
The error in sampling may easily be greater than any errors due to the 
method of extraction and estimation. Investigations conducted so as to 
show the pigment content of the leaves from various parts of the same 
plant would be exceedingly interesting. 
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In the collection of the leaves, care must be used that the leaves contain 
unaltered chlorophyll; for if the green pigments are altered in any manner 
the colorimetric results may not be the true values at all for the chlorophyll. 
The chief danger with which the investigator must contend is the rapid 
change during the autumn when the leaves are changing color. Some of 
the results obtained in this investigation had to be discarded because of 
autumnal changes which affected the green pigments. Other factors may 
affect the color of the leaves even during the actively growing season. 

Soil conditions also should be carefully noted, for these have been shown 
to have a very decided influence on pigment formation. 

The most valuable data would be obtained if each factor could be arti- 
ficially controlled. The most important factors influencing the quantity 
of pigments present are rainfall, soil moisture, nutrient elements in the soil, 
light, temperature and humidity. 

Using Weather Bureau reports, an attempt was made to correlate the 
effects of temperature, sunshine and rain upon the amount of the chloroplast 
pigments present in the leaves. It seemed doubtful that any correlations 
could be established between environmental conditions and the amount of 
pigments produced from the results of one season’s work. 

The results obtained in this study show that there is considerable fluctu- 
ation in the amount of chloroplast pigments present in green leaves even 
during the normal growing season. The data presented should lead to a 
closer study of all the factors which affect the amount of the chloroplast 
pigments in growing plants. 

UNITED STATES DEPARTMENT OF AGRICULTURE, 

WASHINGTON, D. C. 




















EFFECTS OF STORAGE ON ALCOHOLIC EXTRACTS OF PLANT 
TISSUES. AMINO ACID CHANGES? 


JAMES E. WEBSTER 
(WITH ONE FIGURE) 


Plant chemists, as well as others, are confronted with the necessity of 
storing much of the material they desire to analyze, since usually a large 
number of samples are taken at one time. Three major methods are in 
vogue for this purpose: preserving in alcohol, freezing, and desiccation by 
heating to various temperatures. Various reasons have been advanced for 
the use of each, but only in the case of desiccation by heating (3, 4) has 
extended study been made of the influence of the method upon the distribu- 
tion of the various constituents. APPLEMAN and ARTHUR (1) report on the 
effects of storing in aleohol upon certain of the carbohydrates, but appar- 
ently little more work has been carried out upon the effects of this very 
important method upon the extracted constituents. As a result of this 
scarcity of information it is proposed to begin a series of studies on the 
effect of storage in alcohol upon the major plant constituents. 

While it has been recognized for some time that to make a comprehensive 
study of the nitrogen fractions in plants, it was necessary to work with 
fresh material, still many workers have found it convenient to study certain 
of these fractions in samples preserved in alcohol. Chief among these is the 
alpha amino acid fraction, and it is this fraction which will be studied in the 
present work. 

Experimental 


Preserving.—All of these samples were prepared by boiling the green 
plant tissue in 95 per cent. aldehyde-free alcohol, to which had been added 
an excess of CaCO,. After boiling for half an hour, the material was 
cooled and filtered. The aleohol was then expressed from the tissue as 
thoroughly as possible by hand, and the residue discarded. 

Before filtering, a small amount of KNO, was added to solution (B) 
and 1 gram of asparagine was added to the 1800 ee. of solution (D). 

Samples—Solutions (A) and (B) were prepared from commercial 
samples of spinach and were stored in January. They were alike with the 
exception of the nitrates added to solution (B). Solutions (C) and (D) 
were also prepared from market spinach, but these were stored in August. 
They were alike excepting for the asparagine added to solution (D). Solu- 


1 Published with the permission of the Director of the Oklahoma Agricultural Experi- 
ment Station. 
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tion (E) was prepared from young alfalfa, and was started in September. 

Storage—Samples (A), (B) and (E) were stored in two liter flasks, 
sealed to prevent evaporation between samplings. They were placed in a 
warm spot in the laboratory and exposed to daylight. Samples (C) and 
(D) were made up to a given volume and then transferred to individual 
volumetric flasks, sealed and stored in the dark until each determination 
was to be run. 

Analysis—One hundred-ce. samples of the extracts were evaporated to 
a small volume several times on a water-bath to remove alcohol, then trans- 
ferred to 50-ce. volumetric flasks and-2-ce. aliquots were used for each 
determination. The micro Van Slyke apparatus was used and the proce- 
dure outlined in Mathews Physiological Chemistry followed. The results 
are expressed in terms of mg. of amino nitrogen in 2 ec. of solution and are 
shown in fig. 1. No allowance was made for ammonia or amide nitrogen 
in caleulating the percentages. 


Discussion 


In reviewing the graph it is at once apparent that there is a marked 
decrease in the percentage of amino nitrogen in every case. It is also 
apparent that the decrease is not uniform in every case; in fact, in sample 
(C) where the solution was stored in individual flasks there is considerable 
fluctuation, indicating that the solution was acting differently in the various 
flasks. It is also worth noting that solutions (B) and (E), high in nitrates, 
show the greatest changes. However, nitrates were determined on (B) 
along with the amino acid determinations and showed no change. This 
seems to indicate, then, at best, only a casual relationship. 

Very probably the reaction takes place in the same manner as that 
occurring in a water solution as shown by Dakin and Dup.ey (2) in which 
they were able to demonstrate the formation of ammonia from amino acids 
as shown in the following equation: 


CH, CH, 
| 

CH: NH,———_—»  C=0+NH, 
| 

COOH CHO 


If this represents the true reaction taking place, we would expect an 
increase in the reducing power of the solution and an increase in ammonia. 
This problem is to be started at an early date and perhaps then we can say 
more regarding the mechanism of the change. There is also the possibility 
of some enzyme action bringing about a deaminization, although this is con- 
trary to the common belief that preservation in alcohol stops enzyme action. 
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Fig. 1. Graphic representation of the changes in amino acid nitrogen of plant ex- 
tracts during storage in alcohol. 

(A) Spinach extract, stored in January, in warmth and light. 

(B) Spinach extract +nitrate (KNO,), stored as (A). 

(C) Spinach extract, stored in August, in darkness. 

(D) Spinach extract + asparagine, stored as (C). 

(E) Young alfalfa extract, stored in September, in warmth and light. 


Neither should one overlook the possibility of certain substances catalysing 
the changes. Work on the influence of nitrates, phosphates, and possibly 
other groups, will be reported later. 
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Summary 


We are able to conclude from this work that there are some, possibly 
many, changes taking place when alcoholic solutions are stored for long 
periods ; if this applies as well when the solutions are allowed to remain in 
contact with the plant material, we must be very careful in drawing con- 
clusions from the analysis of such samples. 

The author desires to express his appreciation to Dr. Burreuu, of Ohio 
State University, for his timely suggestions on this problem. 


DEPARTMENT OF AGRICULTURAL CHEMICAL RESEARCH, 
OKLAHOMA AGRICULTURAL AND MECHANICAL COLLEGE. 
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X-RAY PHOTOGRAPHY OF MINERAL ACCUMULATIONS IN 
PLANTS 


C. L. CRUTCHFIELD 
(WITH SIX FIGURES) 


The accumulation of mineral salts in plants has heretofore been demon- 
strated mainly by microchemical means, a method which is not always satis- 
factory for quantitative ends, since some of the minerals may be masked 
through organic combinations, and since the amount of color produced, in 
reactions dependent on colors, is not necessarily proportional to the amount 
of mineral present in the tissues. 

In recent years Horrer! and his coworkers have used the microchemical 
method to demonstrate the accumulation of iron and other elements in the 
nodal tissues of Zea mays in connection with corn root rot problems. The 
writer has employed an entirely different method, and has been able to 
demonstrate such mineral accumulations in the nodal tissues of sugar cane, 
Saccharum officinarum, with results that offer beautiful confirmation of 
HorFer’s discoveries with the microchemical methods in corn. 

The purpose of this paper is to present a few facts concerning the 
method of detecting mineral accumulations by means of X-rays. It is hoped 
thereby to stimulate more work along this line, and to encourage the use of 
this method in studies involving mineral deposition, and mineral transloca- 
tion in plants. As time goes on X-rays have found an ever widening field 
of usefulness in science, industry, and medicine. It seems quite probable 
that many other uses for these rays in biological work may be found. 

GrorGE L. CLARK, in his ‘‘ Applied X-Rays,’’ mentions several of the less 
well-known applications, and says: ‘‘ Although X-rays because of their short 
wave-length are much more able to penetrate matter than ordinary light, 
still they are differently absorbed by different substances; that is to say, all 
materials are not equally transparent to X-rays.’’ This fact is the basis of 
the science of radiography. Broadly defined, the technique consists in pass- 
ing a beam of X-rays through the object to be examined, and by means of a 
fluoroscope, or preferably a photographic plate, record the varying intensi- 
ties of the emergent rays, thereby obtaining a shadow picture of the interior 
of the object. The first practical uses of the X-rays were probably of a 
radiographic nature, and today radiography is a most useful tool for the 
medical and industrial diagnostician. 

1 Horrer, G. N., and Carr, R. H. Accumulation of aluminum and iron compounds 
in corn plants and its probable relation to rootrots. Jour. Agr. Res. 23: 801-824. 1923. 


See also, Horrer, G. N. Testing corn stalks chemically to aid in determining their plant 
food needs. Purdue Agr. Exp. Sta. Bull. 298. 1926. 
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The writer has simply employed the essential quality of the X-rays of 
being differentially absorbed by different substances, in detecting the locali- 
zation of mineral depositions in plants. In developing the technique, some 
substances other than those found abundantly in plants were used, mainly 
to afford substances differing in opacity to the X-rays. Some of the chem- 
icals used are quite opaque to X-rays, others relatively easily penetrated. 

In performing the experiments, solutions of 1-2 per cent. strength were 
used, of the following salts: Ferrous sulphate, aluminum chloride, potassium 
sulphate, sodium chloride, lead nitrate, and barium chloride. The heavier 
metals, lead and barium, are quite opaque ; following these are iron and alu- 
minum, relatively considerably less opaque; finally, sodium and potassium 
are very easily penetrated by X-rays. 

Normal average sugar-cane sticks were cut at the surface of the soil, the 
cut end placed at once into a beaker containing one of the mentioned solu- 
tions; control sticks were similarly placed in tap water. All sticks were 
allowed to remain in the solutions for about 48 hours before they were 
photographed. During this time, continuing transpiration and existing 
saturation deficits caused the absorption of some of the solution, which could 
easily be detected from the decrease of volume of solution remaining in the 
beakers. 

The sticks were now laid across the film-holder containing an X-ray 
film, and were exposed to X-rays emanating from a Coolidge X-ray tube. 
In order to secure good photographs, the rays must be adjusted to a suitable 
penetrating power, and the time of exposure must also be adjusted to the 
results desired. The photographs reproduced in this. paper, were made 
with a voltage of only about 27500, with 10 milliamperes of current. The 
exact voltage used depended somewhat upon the thickness of the sticks of 
cane. The time of exposure was usually about 3.5 minutes. The cane was 
placed as close to the film-holder as possible in order to obtain clear sharp 
images. In any given case the investigator will find it necessary to carry on 
preliminary experiments with different milliamperages and voltages with 
each object. of research, to obtain the best results. In general, the voltage 
will be much lower than is easily obtained in most makes of apparatus, the 
average medicinal unit being designed for higher voltages. 

The distance from the X-ray tube to the film is, of course, very impor- 
tant since the length of exposure varies with the distance. The photographs 
shown here are the results of a preliminary study. In fig. 1 is shown a 
stick which was allowed to take up barium chloride through the cut end. 
The barium was deposited most heavily at the node, or under the buds. Not 
only are the nodal deposits shown, but also the vascular system is clearly 
outlined. It shows better in the photograph than in the reproductions from 
it. One can see some of the root bands also, rather easily. 
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Fig. 1. Sugar cane stick, photographed by X-rays after having taken up barium chloride. 


] Dark bands show nodal accumulation of BaCl.. 
? Fig. 2 was made from the photograph of a stalk allowed to absorb lead 


nitrate solution. The control stick is at the left. The root bands show very 
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Fic. 2. X-ray photograph of sugar cane sticks; at the right, treated with lead nitrate; at 
the left, the control. The lead nitrate is very prominent in the root bands. 
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Fic. 3. Nodal accumulation of iron, from FeSO, Improperly exposed. 
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clearly here, and the vascular system in the internodal region is brought 
out quite well. In the control sticks two buds are seen at the nodes. Both 
figures 1 and 2 are made from stalks containing the most opaque salts used. 
Lead and barium are not very prominent constituents among the ash ele- 
ments of plants, though probably never completely absent. Barium is 
rather universally distributed in soils and plants, but these elements do not 
occur in such abundance as to show up in the nodes of the control sticks. 
Iron and aluminum, however, are nearly always fairly abundant in soils. 
In fig. 3 is shown a photograph from an improperly conducted exposure of 
a stalk which had been treated with FeSO,. The nodal accumulation, in 
spite of the improper exposure, is clearly shown, and even the vascular 
bundles can be seen. Better examples of iron accumulation are shown in 
fig. 6. 

The lighter elements, potassium and sodium, are more readily penetrated 
by X-rays, and so appear to clear up the nodes. In fig. 4 we see a stick 
which was allowed to take up NaCl. The control stick, to the left, contrasts 
strongly with the treated one. The latter seems to have deposited the sodium 
salt sharply at the node. One might question whether it is the sodium, or 
chlorine, or both that are involved in the deposition. In the treated stick 
(right) one can see some spots of lighter color. These were found, on cut- 
ting the sticks, to be the cavities produced by a stalk borer. 

In fig. 5 the control stick is to the right, and the treated stick (left) was 
allowed to absorb K,SO,. This also seems to clear out the nodal tissue, and 
to make it less dense than normal. The proper interpretation of this clear- 
ing of nodes by Na and K salts probably is that the sodium or potassium 
displaces some heavier metals, as Fe and Al, that normally are deposited in 
that region, and so prevents their union with the organic constituents of 
the nodes. These X-ray results are again in harmony with Horrer’s re- 
sults in which he claims that potassium prevents the over-accumulation of 
iron or aluminum in the nodes of corn. 

The final figure 6 is most interesting. These stalks were not allowed to 
absorb solutions, but were taken from soils in which the soluble mineral con- 
tent was high. The photographs show what can be accomplished in check- 
ing up on soil experiments. The small stick to the right is a young cane 
grown on a soil containing high available aluminum, while the two to the 
left of it are from a soil with high available iron. The stalks from the iron 
containing soil showed slight indications of iron injury, but yet growth was 
practically normal. Tests made for iron and aluminum by other methods 
did not show them present, but the X-ray photographs clearly show the 
nodal accumulations. This method may therefore exceed in sensitivity the 
microchemical methods of detecting these accumulations. A very interest- 
ing feature of the stalks grown on the iron-rich soil is the clear indication in 
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Fie. 4. 
indicated by clearer nodal tissue; left, control. 
due to a borer. 


Sugar cane sticks: Right, after exposure to NaCl, nodal accumulation being 


Spots in the experimental stick are 
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Fic. 5. Sugar cane sticks: Left, treated with FeSO,; right, control. Nodal accumula- 
tion is indicated by clearer nodal tissue. 
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Fie. 6. Sugar cane sticks grown on soils with high available minerals. Right, 
grown on high available aluminum soil. Center and left, on high available iron soils. 
The nodal accumulations are easily seen, as well as the vascular tissue of internodes. 
See text for additional details. 


the middle stalk of fig. 6 of three bands of iron deposition at the nodes, one 
across the central part of the node, and one on either side. Professor 
Horrer, who has examined these photographs, has found similar banded 
nodal deposits by microchemical means. 

Additional work is in progress with the X-ray method in the hope that 
some of the problems connected with the translocation of salts in plants may 
be solved. It ought to be possible to determine whether xylem or phloem is 
mainly concerned in translocation of salts by a study of localization of 
minerals in plants which have absorbed the salts through unbroken root 
systems. Space does not permit the inclusion of photographs of some other 
plants, such as corn, tomato, and some quite good ones of Selaginella which 
seem to show the structure of the vascular system very well. 
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In conelusion, the writer desires to express his thanks and appreciation 
to Mr. W. S. Kenprick, of the Victor X-Ray Corporation, Chicago, for the 
loan of apparatus, and the use at times of their X-ray equipment and dark 
room, in connection with the more recent work. He is also indebted to Pro- 


fessor CHARLEs A. SHULL for assistance in preparation of the manuscript. 
HONOLULU, HAWAIIAN ISLANDS. 
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JULIUS VON SACHS 
(WITH ONE PLATE AND ONE FIGURE) 


JULIUS VON Sacus has been called the Father of Plant Physiology both 
on account of his importance in the development of the science and be- 
cause he was the first teacher to hold a position which recognized plant 
physiology as a separate subject in university teaching. An estimation of 
the important position of Sacus in the development of plant physiology 
was given in a review of his life by F. Nout in the Naturwissenschaftliche 
Rundschau 12: 460-464, 472-475. 1897. This was in part translated by 
J. M. Counter in the Botanical Gazette 25: 1-12. 1897. Gorsun also gives 
a review of his life in a supplementary volume of Flora for 1897. This was 
translated in Science Progress 7: 150-173. 1898. 

The life time of Sacus covers a period of rapid growth of plant 
physiology. In his laboratories there developed many students who spread 
the zeal of their teacher and who led to the development of their new sci- 
ence. Among these may be mentioned Prerrer, Kuess, DeVries, BAra- 
NETZKY, BREFELD, MiILLARDET, Mount, Nout, Pranti, STAHL, ELFVING, 
FraNcIs DARWIN, GODLEWSKI, VINES, MARSHALL WARD, GOEBEL, G. Kraus, 
MULLER-THuRGAU, and many other prominent names. SAcHs was con- 
sidered the grand old man of plant physiology by the many German and 
foreign students of Prerrer’s laboratories. An introduction to him was 
ahigh honor. The stimulation of research in plant physiology in the United 
States owes much to the introduction of his textbooks. 

Juuius was the third son of Graveur Sacus, born at Breslau on October 
2, 1832. His father was an engraver by trade, and from him young Sacus 
learned perfectly the art of delineation, accuracy of line and color, which 
was of the greatest value to him in gaining a livelihood during the lean 
years of his student life and also later when he became a teacher. As a 
child, Sacus had for companions the sons of the physiologist, PURKINJE, 
and no doubt he was much influenced by this association. Early in boy- 
hood he made collections of plants and was expert in their classification. 
On many field excursions with his father he was encouraged in botanical 
collections in which he took great pride. He gave much of his time be- 
tween the ages of thirteen and sixteen years to drawing and painting the 
flowers, fungi, and other specimens which he collected. When he was 
sixteen years old, his father died, and the next year both his mother and 
a brother died of the cholera. From this time on, Sacus had to earn his 
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own education by means of the trade which he had learned from his father. 
In the Gymnasium from 1845 to 1850 Sacus enjoyed especially the 
natural sciences. He made a collection of skulls, and wrote a monograph 
on the crayfish. His natural science teacher, Kroper, solemnly warned him 
against devoting himself to the natural sciences. 





Fig. 1. JuLIvs von SAcHS. 


Upon the death of both parents, Sacus was taken into the family of 
PURKINJE who had accepted a professorship at the university at Prag. 
He completed the courses of the Gymnasium and was admitted to the 
university in 1851. In Prag he published a Bohemian scientific journal, 
Ziva, and to this journal he made a number of scientific contributions. 

Upon the completion of his university course in 1856, Sacus began to 
devote his time to plant physiology, working especially upon seed germina- 
tion, the digestion and transport of nutrients, and the development of plant 
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organs. In April, 1859, upon the recommendation of HorMetstTer, SAcus 
became assistant to StécKHARDT at Tharand. He was quickly advanced 
to take charge of the laboratory of experimental plant physiology. In 1861 
he was elected head of the experiment station for plant physiology at Chem- 
nitz, but went instead to a professorship in the Poppelsdorf Agricultural 
Academy of the University of Bonn. The six years at this academy were 
most fruitful for research, and here also was published his Handbook of 
Experimental Plant Physiology. In 1867 Sacus was ealled to Freiburg 
to the chair vacated by the resignation of DeBary, but one year later he 
succeeded ScHENK at the University of Wurzburg. Here he had at his 
disposal a large building for his botanical institute. His laboratory became 
the center of plant physiological research although the number admitted at 
one time was limited to ten students. Sacus published in 1868 his Lehr- 
buch, in 1875 a History of Botany, and in 1882 his Lectures upon Plant 
Physiology, all books outstanding even to the present day. He died at 
Wurzburg on May 29, 1897.—R. B. Harvey, University of Minnesota. 


AN INVADING POTATO SPROUT 


When potatoes are grown in fields infested with Couch Grass (Agropyron 
repens), it is not uncommon to find some of the tubers transfixed by the 
hard, sharply pointed rhizomes of this persistent grass. A growth phe- 
nomenon similar to this in appearance, yet very different in nature, was 
recently observed by the writer; and as this phenomenon is apparently a 
very unusual one, it deserves to be included in our botanical records. 

A sack of potatoes had been stored in a cellar during the winter months, 
and toward the close of this period as the days grew warmer and the gen- 
eral level of temperature began to rise, the buds of the tubers became ac- 
tive, and vigorous sprouts were formed. On one of these tubers a sprout 
was observed that had behaved in a most unusual manner. In its growth it 
encountered a neighboring tuber, in the side of which a small cavity about 
5 or 6 mm. in depth had been made by a wire worm. The growing point 
of the sprout entered this cavity and then continued its growth into the 
storage tissue of the potato, until it finally emerged on the opposite side. 
When it was first discovered the sprout had attained a length of 6.5 centi- 
meters, and a diameter of 8 mm. 

The accompanying photograph, figure 1, shows the position of the sprout 
imbedded in the tuber just as it was found, except that a portion of the 
tissue has been removed so that the full length of the sprout may be seen. 
At no point was there any evidence of a coalescence of the cells of the sprout 
with those of the tuber through which it grew, but the turgid sprout fitted 
very closely into the tunnel it had made. The surface of the tuber tissue 
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surrounding the sprout was very smooth, and at the point of emergence 
there was not the slightest indication of a rupture of the tissues, as would 
probably have been the case had the expanding cells of the sprout broken 
through by the mechanical force of growth. 

The general appearance of the tissue of the tuber suggested that the cells 
had been digested by the elongating sprout which was able in this way to 
excavate the tunnel through which it grew. This further suggests the pos- 
sibility of a sprout arising on one potato being able to procure a part or all 
of its nutrition from an adjacent tuber—at least under such circumstances 
as those here recorded.—P. D. StrauspaucH, West Virginia University. 

















~ 


Fig. 1. Potato tuber, penetrated by sprout from a neighboring tuber. The sprout ap- 
parently digested its way through the invaded tuber. 


SCHLOESING’S EXPERIMENTS ON THE RELATION OF TRANS- 
PIRATION TO THE TRANSLOCATION OF MINERALS 


In the last fifteen years a number of papers have been published show- 
ing at least partial independence of transpiration and mineral absorption. 
HassE.LBRING (2) found that tobacco grown under shade had as high ash 
content as plants grown in the open. Murnscuer (3) found that doubling 
the transpiration of barley by decreasing the humidity had no effect on ash 
absorption. Doubling the transpiretion by differences in light intensity 
nearly trebled the absorption of ash but the ratio of ash to dry matter was 
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not affected. Curtis (1) has attempted to show that solutes are trans- 
located primarily in the phloem where their movement would of course be 
unaffected by transpiration. 

In spite of this accumulation of evidence, however, ScHLOESING’s ex- 
periment (4) published in 1869 has been so generally accepted in the older 
texts that its influence persists very generally among teachers of plant 
science. This note points out certain details in the experimental procedure 
used by ScHiLoEstne which have been overlooked in translation, and which 
would seem to invalidate the conclusions commonly drawn from the data, 
thus removing the conflict between this and more recent experimental work. 

ScHLOESING grew four tobacco plants in large pots, one under a bell jar 
shaded with muslin for four weeks, and three in the open air for six weeks. 
The plant under the bell jar transpired 7.9 liters, or 1976 ml. a week while 
the average transpiration of the exposed plants was 23.3 liters, or 3883 ml. 
a week. 

_The dried leaves of the protected plant contained 13.0 per cent. of ash 
and of the exposed plants 21.8 per cent. at the end of the experiment. After 
correcting for dry weight and ash content at the beginning of the experi- 
ment the total gain of ash was 4.50 and 6.41 grams respectively. The data 
are claimed to prove the dependence of mineral movement on transpiration. 

An examination of the conditions of the experiment shows that the 
protected plant was not only shaded but received additional CO, in undeter- 
mined quantities. The results of the experiment can without difficulty be 
attributed to this difference in the CO, supply of the two lots of plants. 
For example, the rate of gain in dry weight was 10.0 grams a week for the 
plant receiving additional CO, and only 4.9 grams a week for the checks. 
There was also a rapid accumulation of starch in the plant under the bell 
jar to a total of 19.0 per cent., while the leaves of the exposed plants con- 
tained only 1.0 per cent. of hydrolyzable polysaccharides. The lower per 
cent. of ash is in large part due to the very rapid accumulation of carbohy- 
drates in the protected plant. 

If we consider the rate of ash assimilation we find that the covered plant 
gained 0.57 grams of ash for each liter of water transpired while the exposed 
plants gained only 0.28 grams for each liter of transpiration. Also the gain 
per week in the covered plants was higher in total ash and in all determined 
elements except chlorine, silica, and iron, and was very much higher in 
phosphorus and nitrogen. 


Summary 
The more or less classic experiment of ScHLOEsING has been given an 


unjustified importance in establishing the dependence of mineral move- 
ment in the plant upon transpiration. The data are better interpreted 
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as showing the effects of increased CO, rather than of decreased transpira- 
tion.—W. E. Loomis, Iowa State College. 
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NOTES 


Fifth Annual Meeting.—The fifth annual meeting of the American 
Society of Plant Physiologists, held at New York on December 28, 29, and 
31, 1929, marks an important milestone in the development of the society. 
Although the attendance was reduced by the widespread influenza epidemic, 
and the meeting handicapped by the unexpected absence of both president 
and vice-president, temporary officers were chosen, and the sessions held as 
scheduled. The programs were interesting and valuable, as usual, and 
every one must have felt repaid for being present. The most encouraging 
feature of the meeting was the detailed report of the secretary-treasurer, 
Dr. H. R. Kraysmu, who analyzed the gains in membership and financial 
support during the last year. The society continues to gain in numbers 
at a steady rate, and financial support has increased more rapidly than at 
any time since organization. The report of the condition of the finances 
makes it evident that PLanr PHystoLogy has not incurred a deficit since 
its first year; moreover, the unsold volumes now have a value considerably 
larger than the subsidy which was provided for the first year of publication. 
It is remarkable that a journal of the high standards of PLant PHysioLocy 
could become self supporting within the first year of its existence, but the 
secretary’s report shows that this is the fact. Good fellowship marked all 
of the meetings, and was enjoyed by all. The facilities provided by Colum- 
bia University for the meetings were much appreciated. 


Life Membership Award.—The committee appointed to choose the 
third CHARLEs REID BarNEs life member, of which Dr. W. M. Arwoop 
was chairman, selected Dr. HerMAN Avaustus Spornr, of the Coastal 
Laboratory of the Carnegie Institution, Carmel, California, for this honor. 
The selection is a very happy one. Dr. SpoeHR has made very valuable 
contributions to our knowledge of plant physiology. Unlike many bio- 
chemists, he knows the living plants thoroughly. His work on carbohydrate 
metabolism, on respiration, and on photosynthesis, is outstanding work. 
Dr. SporHR has been connected with the Carnegie Institution since 1910, 
and became assistant director of the Coastal Laboratory in 1926. His 
excellent summary of the process of photosynthesis published in 1926, is 
the best account in the English language. All members of the Society will 
feel that the Society has been honored by this award to Dr. Sporur. He 
becomes the third link in the chain of life members who form a living 
memorial in honor of Dr. CHarLes Rem Barnes, first professor of plant 
physiology at the University of Chicago. 
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Stephen Hales Award.—It was expected that the first SrepHEN HALES 
Prize would be awarded at the New York meeting. However, the committee 
having this matter in charge, found that it would be advisable to postpone 
its decision for a time, and announce the first award at the Des Moines 
meeting in 1929. While this decision may have been a disappointment to 
some, the delay has some valuable aspects. Certain matters of policy have 
not been clearly crystallized, and the development of a satisfactory certifi- 
eate has presented some complications. The additional time will make it 
possible to meet every problem connected with the award in a satisfactory 
manner. 





Forest Tree Seeds.—Notes have appeared in past numbers of PLANT 
PuysloLocy regarding sources of seeds for investigational purposes. In 
this connection, Conyers B. Fleu, Jr., of Germantown, Philadelphia, Pa., 
has been mentioned, and Otto Katzenstein and Co., of Atlanta, Ga. There 
are also other sources of seeds of guaranteed origin and quality. The 
Associated Foresters, Ltd., of Calgary, Canada, advertise seeds of known 
origin, and will supply along with the seeds, data as to site, stand, and 
climatic conditions under which they grew. The Brown Co., Berlin, New 
Hampshire, also advertise forest tree seed of certified origin. It is believed 
that any of these companies will exercise painstaking care in furnishing 
seeds for research on the physiology of germination of forest tree seeds. 

The U. S. Forest Service has a mimeographed list of forest tree seed 
dealers, together with a list of the most important U. S. tree species, giving 
the average number of seeds to the pound, and the dealers who are in posi- 
tion to supply seed of each species. 

The Rev. J. Farnsworth Anderson, Glenn Hall, Leicester, England, 
advertises fresh seed of perennials from all over the world. It is hoped 
that those needing seeds will find these addresses valuable. 


Research Laboratory at Minnesota.—A low temperature research labo- 
ratory has been completed at the Minnesota Agricultural Experiment 
Station for the Section of Plant Physiology. The new installation consists 
of four refrigerated rooms 9x10x11 feet, a control laboratory, engine 
room with 15 horse power compressor, and two controlled greenhouses, with 
potting sheds. Additional greenhouse space is available also, for coopera- 
tion with the Division of Agronomy and Plant Breeding on the winter 
resistance of field crops, and with the Section of Plant Pathology on 
pathological physiology. 

The refrigeration is by automatic machines of the Lipman type. The 
rooms are insulated with 12-14 inches of sheet cork. Temperature fluc- 
tuations in these chambers is + 2° C. with the Absolute Contactor Corpora- 
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tion regulator, + 0.5° C. when the Harvey type thermoregulator is used. 
Temperatures and humidities are recorded by resistance thermometers and 
a recorder of the Leeds & Northrup Co. A recording potentiometer for use 
with photoelectric cells is available for light records. 


Fermentation.—ScHoEn, of the Institut Pasteur, has published a mono- 
graph on alcoholic fermentation which has just been issued in English 
translation. It is an unusually lucid and readable account, and summarizes 
admirably the present status of our knowledge. Especially commendable 
is the chapter on the role of H* in oxidation processes, which gives the 
clearest discussion of the nature of oxidation in living cells, which the 
reviewer has seen anywhere. It is published by Chapman and Hall, of 
London, translated by Hinp, and entitled The Problem of Fermentation. 
The price is 21 shillings. 


Colloid Chemistry.—The second volume of Colloid Chemistry, theoret- 
ical and applied, collected and edited by JERoME ALEXANDER, has appeared 
from the press of the Chemical Catalog Co., New York. This volume, 
devoted to Biology and Medicine, contains 57 papers by men of recognized 
authority in their respective fields, and is a splendid contribution to a fuller 
understanding of the significance of the colloidal state in living organisms. 
A few titles will suffice to indicate the unusual nature of this book. There 
is a discussion of Colloids and X-rays, by Sir Winu1Am Braae; Proteins as 
Colloids, by Wotreanea Pauui; Inorganic Ferments, by G. Brenig; The 
Adsorption of Enzymes, by RichHarp WiuustTATTer; Bacteriophage, a Living 
Colloidal Micelle, by F. p’HERELLE; Colloidal State and Physiological 
Function, by RupotpH Hoéser; The Arrangement and Action of the Colloids 
of the Plant Cell, by D. T. MacDouveau; The Physical Basis of Life, by 
Epmunp B. Wiuson. An appendix contains the Pasteur Lecture delivered 
in Chicago by Jacques LorB on November 24, 1922, in lieu of a paper 
which Logs was to have contributed to the volume. 

The book is one that every physiologist must read if he is to keep abreast 
of modern thought on the processes of living. It is a large volume, over 
1,000 pages, and costs $15.50; but one could easily spend more and get less 
in value, as books are now selling. All libraries of biological institutions 
will find it a necessity. 


Numerical Data of Biology.—Attention is called to the publication of 
several chapters from vol. VI, 1923-1924, of the Tables Annuelles de Con- 
stantes et Données Numérique under the title Données Numérique de 
Biologie et de Physiologie et Chimie Végétales, by E. F. Trrrormve and 
H. Coun. The tables include bulk chemical compositions of plants; chem- 
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ical composition of special organs and tissues; content of inorganic, organic 
and organometallic substances in plants; physical-chemical constants of 
plant juices; data on gaseous exchanges; and enzyme reactions. It comes 
in quarto size, 88 pages, from Gauthier-Villars et Cie., 55 Quai des Grands- 
Augustins, Paris (VI). Bound, the price is 60 franes, 44 franes in brochure 
form. 


Colloid Chemistry of Starch.—The second volume of the Handbuch der 
Kolloidwissenschaft, edited by W. Osrwa.p, is a monograph on starch, 
Kolloidchemie der Starke, by M. Samec. It contains 16 chapters, dealing 
with the general characteristics of starch, molecular structure, construction 
of starch grains, physical characteristics of starch grains, adsorbent proper- 
ties, paste formation, solution, properties of solutions of starch, protective 
colloidal action, adsorption of starch by other substances, changes in starch 
solutions, precipitation of starch, alkali starch, formaldehyde starch, starch 
esters, and dextrine. The book brings together in excellent fashion the 
whole field of starch behavior, laying more emphasis upon the experimental 
results than upon changing theories of starch constitution. It is published 
by Theodor Steinkopff, Dresden and Leipzig. In brochure form it costs 
RM 30, and RM 32, cloth bound. 


The Alkaloids.—The first part of the second edition of WINTERSTEIN- 
TRIER’s Die Alkaloide, was published by Gebriider Borntraeger, Berlin, in 


1927. This first part contains 356 pages, and presents the alkaloids whose 
constitution is fairly well known. The aliphatic nitrogen bases, aromatics, 
acid amides, urea derivatives, and the heterocyclic bases of the pyrrol- 
pyridine group occupy this volume. It is replete with interest to those 
investigating the nitrogenous metabolism of plants. In general the natural 
plant bases receive too little attention from physiologists. The price of this 
volume is RM 18. 


Colloid Chemistry of Protoplasm.—The first volume of a new series of 
monographs, Protoplasma-Monographien, is a book by L. V. HemsBrunn 
on the Colloid Chemistry of Protoplasm. It is written in English, although 
published by Gebriider Borntraeger, Berlin. Several introductory chapters 
deal with the morphology and chemistry of protoplasm, and methods of 
study. Then the problems of viscosity, elasticity, temperature and other 
effects, salt action and electric charges are considered. Other chapters 
discuss the action of acids and bases, fat solvents, surface precipitation 
reactions, a specific colloid chemical reaction peculiar to living organisms, 
and cell division and protoplasmic activity. The book contains 356 pages, 
and is a fine contribution to the literature of protoplasm. In paper cover, 
RM 19, bound in cloth, RM 21. 








